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ABSTRACT 
Structure-Property-Processing Correlations in Chitosan-based Porous Hybrid Materials 
Amalie E. Donius 
Ulrike G.K. Wegst, Ph.D. 
 
 
 
 
Composites form an important class of materials in our modern world due to their 
ability to achieve properties that cannot be realized in a single phase material.  Taking 
composite materials to another level of sophistication, the term hybrid materials has been 
coined and defined; these are materials that are not only a composite of two or more 
materials, but also possess a custom-designed architecture, which frequently is 
hierarchical.  When fabricating a hybrid material it is therefore essential to have a 
thorough understanding of the constituent materials, as well as the processing technique 
through which the materials’ desired architecture is created. 
The objective of this research was to utilize freeze casting, a directional 
solidification technique, to create highly porous, hierarchically structured composites in 
which structure and properties could be custom-designed.  This was achieved through the 
solution or slurry composition as well as the processing parameters, such as the freezing 
rate.  The presented research aimed to systematically determine the correlations between 
processing parameters, composition, structure, and mechanical properties in such freeze-
cast composite scaffolds. 
The biopolymer chosen for this work was chitosan, a derivative of chitin, which is 
the second most abundant polysaccharide on earth and thus readably available.  The 
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mechanical properties (stiffness, strength, toughness) of chitosan-based materials were 
influenced through genipin crosslinking, the inclusion of cellulose nanofibers, and the 
inclusion of mineral particles, namely nanoclay and hydroxyapatite. Through freeze 
casting, highly porous (>95%) scaffolds with a well aligned pore structure were 
fabricated from water-based solutions or slurries.  
From the library of materials and processing parameters established in this work, 
two materials were chosen and freeze cast in conjunction with different processing 
parameters in a two-step procedure.  The goal of this approach was to mimic natural bone 
and combine within one scaffold two materials with different structures to simultaneously 
satisfy two distinct requirements.  Through a particularity of the processing technique, the 
partial melting of solidified material at the interface, a smooth transition between the 
vastly different structures and materials was achieved.  This confirms the hypothesis that 
hybrid scaffolds with complex shapes can be fabricated to simultaneously provide 
different functions. 
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CHAPTER 1. COMPOSITES AND POROUS MATERIALS 
 
Introduction 1.1.
Composites, which are simply materials consisting of two or more constituent 
materials, dominate the materials of our modern world due to their potential for achieving 
desired properties that are not available in single phase materials (Callister and Rethwisch 
2010).  While utilizing two or more materials in conjunction as a solid will satisfy the 
constraints of some applications, there are many that require porosity.  Ranging from 
insulation and buoyancy to energy absorption and structural needs, the question arises as 
how to understand the contributing factors to maximize properties in porous materials.  
The aim of the presented work is to address this through the creation of highly porous 
chitosan-based composite materials. 
 
Composites 1.2.
Composites have existed for millions of years in natural materials such as wood, 
bone, and nacre (Donovan and Paul 1998).  They have also been created for thousands of 
years, as in the case of wattle and daub (Ashby, Bush et al. 1987).  Today composites 
have a vast array of usages, ranging from aircraft components to sports equipment and 
from high performance car brakes to body armor.  Capitalizing on the combination of 
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different properties not found in one material alone, composites are chosen for their 
properties, cost reduction over time (e.g. less fuel consumption), or more commonly a 
combination of this where their performance enhancement is achieved at lower densities.  
Fibers or particles that reinforce polymers for example, afford for higher mechanical 
properties such as stiffness, strength, toughness, and hardness without significantly 
altering the density.  Fiber reinforced polymers, which are usually anisotropic, offer 
greater mechanical properties in a specific direction. 
 
Rule of Mixtures: Reuss and Voigt 1.3.
Understanding the mechanics of a composite is important in the design of a material. 
A simple, first step approach to predict how a composite will mechanically perform is 
through the use of the rule of mixtures.  Here it is assumed that the resulting modulus is 
the combination of the main component, or the matrix modulus, Em, and secondary 
component, or the filler modulus, Ef, with respect to their volume fraction, Vm and Vf, 
respectively.  When considering the modulus in a parallel arrangement, the modulus of 
the composite is given by E1 in Equation 1.1.  In the case of a serial setup, the combined 
modulus, E2, can be determined as in Equation 1.2 (Ashby 2005).  Both models assume a 
perfect interface between the composite constituents; the parallel arrangement (Voigt 
model: E1) is the upper bound, whereas the serial arrangement (Reuss model: E2) is the 
lower bound.  However, the rule of mixture fails to incorporate consideration of the 
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geometry of the reinforcement, whether that be spherical, plate-like, or a fiber as is the 
case discussed here.  
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Halpin-Tsai Model 1.4.
The mechanical properties of composite materials increase in complexity when the 
geometries and orientations of the constituent materials are considered.  The Halpin-Tsai 
model is one established theory that allows for such considerations in composite 
materials (Halpin and Kardos 1976, Halpin 1984, Li, Gao et al. 2005). The equation for 
the composite modulus, E, is given as: 
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where Em is the modulus, ξ is the geometry parameter, which reflects the reinforcement’s 
geometric influence for the given conditions, and η is 
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The two loading conditions for a fiber are shown in Figure 1.1 with their corresponding 
values for ξ.  In the case of a spherical particle this geometry parameter is equal to 2 for 
all loading directions. 
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Figure 1.1. Longitudinal (L) and transverse (T) loading conditions for a fiber.  The shape 
parameter ξ in the Halpin-Tsai model accounts for these conditions, where l is the length 
of the fiber and d is the diameter. 
 
 
 
Accounting for the geometry and the effects on the modulus, a composite 
modulus estimated with the Halpin-Tsai model falls within the upper and lower bounds 
of the simple rule of mixture estimates. 
 
Shear Lag Model by Gao 1.5.
Since the matrix in which a fiber is reinforcing usually has a much lower modulus, 
there is a strain at some distance from the fiber and a shear stress that causes the force on 
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the fiber to be the greatest at the middle.  Thus, to capitalize on the fibers, the length at 
which the center of the fiber reaches its ultimate tensile strength, σf, and the matrix 
reaches its maximum shear strength, τm, must be greater than a critical length, lcritical, for a 
given fiber diameter (Gao, Ji et al. 2004).  See Equation 1.5. 
 
 
m
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 Hybrid Materials 1.6.
Literature has further defined some composites as hybrid materials.  A hybrid 
material results from the combination of two or more materials in order to optimally 
achieve one or more specific engineering purposes (Ashby and Bréchet 2003, Ashby 
2005), or basically, a composite that incorporates a designed architecture to achieve 
properties not offered by its constituents individually.  When creating a hybrid material it 
is essential to have a thorough understanding of each constituent; the properties and 
amount of the matrix that is being reinforced, the properties of the reinforcement, the 
size, shape, and orientation of the reinforcement, and finally the quality of the interface 
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(Strong and Ploskonka 1989, Matthews and Rawlings 1994, Hull and Clyne 1996). Such 
knowledge is vital also to the goal of this work, which aims to successfully strengthen a 
biopolymer through the use of crosslinking, fibers, and particles. However, this becomes 
increasingly difficult when considering a hybrid material that is not a solid, but rather a 
material composed of solid struts and open voids that create a network of struts or 
membranes.  Such a structure can be made from one or more materials and is known as a 
cellular material (Gibson and Ashby 1997).  The incorporated porosity in a cellular 
material, while it may be beneficial for specific applications, is detrimental to the 
mechanical properties.  This will be detailed in the following section. 
 
Cellular Materials 1.7.
Cellular materials are made from a vast array of all classes of materials. 
Composed of polyhedral cells that fill a volume, cellular materials can be either open or 
closed-celled (Gibson and Ashby 1997).  If the cellular material only contains solid 
material in the cell edges then the cells are interconnected through their open faces, and 
are therefore open-celled (Gibson and Ashby 1997).  However, if the cellular material 
contains additional solid material at the faces, then it is considered closed-celled 
(Andrews, Gibson et al. 1999).  Figure 1.2 shows a schematic of the open and closed-
celled structures. 
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Figure 1.2 Schematics of the open-celled (left) and closed-celled (right) porous unit 
(Andrews, Gibson et al. 1999). 
 
 
 
With the ability to fabricate porous structures from all classes of materials, a diverse 
range of applications is possible; from everyday packaging foam to sophisticated tissue 
scaffolds (Gibson and Ashby 2001).  The most suitable cellular materials can be chosen 
with specific attributes for a given application.  Today’s largest application by use for 
cellular materials is in insulation, which takes advantage of the low thermal conductivity 
of these materials; the inclusion of air pockets significantly lowers the thermal 
conductivity of the material (Harding 1964, Shutov 1983, Hostler, Abramson et al. 2009). 
Moreover, these materials have been reportedly used for electrical insulation due to their 
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low dielectric constant (Xu, Tsai et al. 1999).  Another main application is packaging, 
which includes impact mitigation applications, such as shock protection and energy 
absorption.  Cellular materials also occur as the structural components in nature, 
providing the necessary mechanical stability to plants, with wood being the most 
extensively used example of this by society. Though having been neglected in the past, 
the engineering of porous materials as structural elements with promising mechanical 
properties has become a major focus of interest in the field of mechanical engineering 
and materials science (Gibson and Ashby 1997). Tissue engineering is another field in 
which cellular materials are of great potential, since they can combine structural, 
mechanical, and biological properties as needed for soft or hard tissue replacements 
(Langer and Vacanti 1993, Hutmacher 2001, Kim, Seo et al. 2008).  Additionally, 
applications that require buoyancy capitalize on the low densities with the closed porosity 
of cellular materials (Lassiter and Jordan 1988, Rowe 1996). On the other hand, there are 
applications such as catalyst carriers, for filtration, and as permeable membranes that 
profit from the open porosity and high surface area (Choudhary, Uphade et al. 1997, 
Green and Colombo 2003).   
 
1.7.1. Increasing Performance while Maintaining Porosities 
The introduction of porosity always weakens a material since there is less matter 
available to bear the loads.  Therefore, the porous material needs to have an appropriate 
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architecture and may need to be reinforced to provide the required mechanical 
performance.  
For two dimensional structures, several reinforcing techniques have been reported 
in the literature (Patel, Somani et al. 2006, Bonderer, Studart et al. 2008, Liu, Walther et 
al. 2010, Reddy and Yang 2010).  However, when transitioning to a three-dimensional 
(3D) structure, additional problems arise as the arrangement and orientation of the 
constituents is much more difficult with this transition from a thin film to a bulk material 
(Xu, Cheng et al. 2001).  To overcome these limitations, a production method is 
necessary that provides well-defined control of the microstructure at several hierarchical 
levels; enabling the creation of macroscale porosity as well as for the structuring of the 
wall material at the micro and nanoscale (Buehler 2010). Furthermore, for many 
applications, like energy absorption or tissue engineering, the use of environmentally 
friendly or even biocompatible materials is desired or even required.  This necessitates a 
new direction for materials research (Peppas and Langer 1994, Mohanty, Misra et al. 
2005, Wen and Zhang 2006). Many known material systems (most metals, most synthetic 
polymers) cannot be utilized in such tasks and many established production methods are 
not applicable to natural or biomaterials (e.g. melting and molding). Thus, strategies have 
to be developed to reinforce biomaterials with natural crosslinkers or biofibers.  
While porosity is essential for a cellular material to fulfill specific application 
requirements, it is detrimental to the overall mechanical properties.  Yet, understanding 
how a cellular material’s properties are governed through its structure and the properties 
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of its wall material gives insight and allows for tailoring. Gibson and Ashby identified 
three major factors that determine a cellular material’s performance: pore morphology, 
relative density, and composition of the material (Gibson and Ashby 2001).  Each of 
these can be subdivided to lead to further categorization.  The composition of the solid 
material, which makes up the cell walls of the cellular material, exhibits certain inherent 
properties as a solid.  These mechanical, thermal, and electrical properties are important 
in understanding the performance of the cellular material.  However, it is not these solid 
material properties alone that govern.  The pore morphology also plays a role.  This can 
be further described as bending or stretch dominated behavior (Gibson and Ashby 1982). 
The relative density of a material, which is the density of the porous material (ρ*) divided 
by the density of the solid material from which it is made (ρsolid), is directly correlated to 
the porosity as 
 
 
solid
porosity 
 *1  Equation 1.6 
 
and further leads to the cellular materials properties because it is the measure of how 
much material is really considered.  This relative density is described as the most 
important aspect of cellular materials and is directly influenced by the pore wall 
thickness, t, and the pore edge length, l, as 
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for equiaxed foams, that are shown in Figure 1.2, or as, 
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in a honeycomb-like material, shown in Figure 1.3.  It is through these considerations that 
the properties of cellular materials can be explained. 
Estimates for the mechanical properties of cellular materials can be made 
according to the Gibson-Ashby model (Gibson and Ashby 1997, Ashby 2006).  For use 
of these estimations, it is important to first classify a material as bending-dominated or 
stretch-dominated structures.  Equiaxed foams are bending-dominated structures and 
have isotropic properties due to their homogeneous isotropic structure (Ashby 1983).  
Honeycombs, on the other hand are stretch-dominated structures.  They possess a 
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directional preference and therefore exhibit anisotropic properties.  Thus to capitalize on 
their excellent efficiency, it is important to load them parallel to the axis of their 
prismatic microstructure, along the x3 – axis, shown in Figure 1.3.  
 
 
 
 
Figure 1.3. Honeycomb structure with hexagonal cells. 
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While the ideal regular array of prismatic hexagonal cells of a honeycomb 
structure is rarely achieved, making materials with a honeycomb structure will allow for 
an improvement of the mechanical properties in one direction even if the structure is not 
a perfect honeycomb, but possesses a structural directionality.  The importance of this 
classification is that because of the structure, at the same relative density, stretch-
dominated cellular materials have a higher relative modulus and relative strength than 
bending-dominated cellular materials, as illustrated in Figure 1.4 and Figure 1.5, 
respectively.  The relative modulus is determined as the modulus of the porous material 
(E*) divided by the modulus of the solid (Esolid).  The relative strength is likewise, the 
strength of the porous material (σ*) divided by the strength of the solid (σsolid).  
Therefore, for applications that benefit from lightweight materials for structural 
applications and a preferred loading direction, honeycombs or honeycomb-like structures 
are the ideal choice.  
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Figure 1.4. Relative modulus vs. relative density for various porous materials. Redrawn 
after (Ashby 2006). 
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Figure 1.5. Relative strength vs. relative density for various porous materials. Redrawn 
after (Ashby 2006). 
 
 
 
 Techniques to Create Porous Materials 1.8.
Several techniques are used today to create porous materials. Foaming, prototyping, 
physical or chemical blowing agents, and the use of sacrificial objects are a few of these 
techniques (Sepulveda, Jones et al. 2002, Tadic, Beckmann et al. 2004, Studart, 
Gonzenbach et al. 2006, Tsivintzelis, Pavlidou et al. 2007, Ryan, Pandit et al. 2008, 
Franco, Hunger et al. 2009).  However, when a polymer is a desired component of the 
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final porous material for a biomedical application, freezing followed by lyophilization is 
a straightforward and more benign fabrication technique that does not require any 
blowing agents (Whang, Thomas et al. 1995, Kang, Tabata et al. 1999).  Non-directional 
solidification with no preferred ice crystal orientation creates an equiaxed foam.  A 
honeycomb structure can be created through the use of directional solidification, a 
technique known as freeze casting.  
 
1.8.1. Non-directional Solidification 
Non-directional freezing entails freezing in the same manner that we witness 
water solidifying in our freezer and forming ice cubes. The desired mixture is prepared 
and then put in an environment that is below the freezing point of the solution.  This 
entails cooling a solution or gel in a cold chamber or immersing it in liquid nitrogen 
(Kang, Tabata et al. 1999, Lv and Feng 2006). After the prepared mixture is frozen, it is 
placed in a freeze dryer where, by decreasing the chamber pressure, the now solid liquid 
carrier (ice) is sublimated (Shen, Cui et al. 2000).  This leaves behind a highly porous 
material with a random structure of interconnected pores. Though having identified the 
freezing rate as the determining factor for the pore size, publications in the literature fall 
short in regards to real control of the individual pore size; the structure is not 
homogeneous, but includes various pore sizes due to varying local cooling rates (O'Brien, 
Harley et al. 2004, Kim, Knowles et al. 2005).  This issue can be overcome through 
directional solidification.   
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1.8.2. Directional Solidification: Freeze Casting 
 Freeze casting is a method that capitalizes on creating a temperature gradient, in 
which crystals align when solidifying.  Water, camphene, and tert-butyl alcohol are a few 
of the liquid carriers that have been used (Araki and Halloran 2004, Deville, Saiz et al. 
2006, Chen, Wang et al. 2007, Lee, Koh et al. 2007, Gutiérrez, Ferrer et al. 2008).  In this 
case considering water as the liquid carrier, within a polymer solution or ceramic slurry, 
ice crystals nucleate at the cooled surface and grow perpendicular to that surface, in the 
direction of the temperature gradient (Ezekwo, Tong et al. 1980, Tong, Noda et al. 1984, 
Tong and Gryte 1985). Since water solidifies into hexagonal ice crystals, which grow 
approximately 100 times faster in the a-directions of the hexagonal lattice than in the c-
direction, the anisotropic ice crystals grow along the temperature gradient (Jackson, 
Uhlmann et al. 1967, Hobbs 1974, Petrenko and Whitworth 2002).  As they do so, the 
crystals reject the previously randomly suspended particles and push them together to 
form walls, or lamellae (Petrenko and Whitworth 2002, Deville, Saiz et al. 2007, Wegst, 
Schecter et al. 2010).  For polymers, this is to be seen slightly differently.  Here, the 
water diffuses out of the polymer to the growing ice crystal (Tong, Noda et al. 1984, 
Tong and Gryte 1985).  Thereby slowly increasing the polymer concentration in the 
solution between the ice crystals until the polymer vitrifies.  This continues until the 
sample is completely solidified. If the temperature gradient is not sufficient, then the ice 
crystals will lose some of their alignment, shown in Figure 1.6.  Unlike in directional  
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Figure 1.6. Macroscopic temperature gradients and their influence on the growth 
direction of ice crystals (Deville, Saiz et al. 2007). 
 
 
 
solidification, with little or no directionality of the temperature gradient, the random 
arrangement of the ice crystals prevails as seen in non-directional solidification.  When 
the completely frozen sample is lyophilized, sublimating the ice, the negative structure 
template by the ice crystals is left behind.  Thus, when the ice is removed the formed 
anisotropic lamellar structure including voids, or pores, remains. Figure 1.7 shows an 
example of such a structure.  
  20 
 
 
 
 
Figure 1.7. Lamellar structure, shown here for chitosan (discussed in Chapter 3). 
 
 
 
With respect to the porosity, the created scaffold has two distinct features that can 
be controlled, lamellar spacing and thickness.  Lamellar spacing, λ, is defined as the 
space between the lamellae.  The schematic in Figure 1.8 illustrates the lamellae and 
lamellar spacing.  This is controlled by the freezing rate, which affects the solidification 
(Meryman 1956).  
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Figure 1.8. Schematic of lamellar structure formation during directional solidification. 
 
 
 
As applied freezing rate increases, the freezing front velocity increases, which solidifies 
the sample more quickly resulting in the decrease of the lamellar spacing (Jackson and 
Hunt 1966, Kurz and Fisher 1981, Waschkies, Oberacker et al. 2009).  In the same 
manner, with an increased freezing front velocity the lamella thickness decreases.  Thus, 
freezing a sample slowly creates a structure with larger lamellar spacing and thicker 
lamellae (Deville 2008, Meghri, Donius et al. 2010).  This means that the three structural 
  22 
parameters, l, h, and t, as shown in Figure 1.2, can be adjusted through the freezing 
parameters.  The freezing front velocity, as well as the local cooling rate and local 
temperature gradient will be discussed in detail in Chapter 2.   
Phase separation upon freezing was studied as early as 1908 (Lottermoser 1908). 
Since then freeze casting has been used for purely polymeric materials such as agar and 
collagen (Tong, Noda et al. 1984, Schoof, Bruns et al. 2000), ceramics (Fukasawa, Deng 
et al. 2001, Deville, Saiz et al. 2006, Deville 2008, Fu, Rahaman et al. 2008), and more 
recently metals (Chino and Dunand 2008, Fife, Li et al. 2009).  However, though the 
freeze-cast materials achieve higher properties than the equiaxed foams, the polymer 
scaffolds still lack the stiffness and strength necessary for load bearing applications.  
Freeze-cast sintered ceramics, on the other hand, lack toughness despite the fact that they 
are strong and stiff.  Thus, combining the high strength, stiffness, and toughness in a 
freeze-cast composite should, and results speak to this affect, produce a superior material 
(Hunger, Donius et al. 2012, Donius, Hunger et al. in manuscript, Donius, Liu et al. 
submitted). 
Additionally, freeze casting allows for better control over reinforcements because 
they self-assemble in the direction of the temperature gradient, along which the ice 
crystals grow. This effect results in filler material that is oriented in the mechanically 
preferred direction of the overall structure and therefore allows for a second level 
strengthening and the creation of a true hierarchical structure (Hunger, Donius et al. 
2012). In the concrete case of cellulose fibers, this means that the fibers may align in the 
  23 
freezing direction as hypothesized for polymer chains (Yokoyama, Achife et al. 1990).  
Such arrangement is the desired case for fiber reinforced composites and results in 
superior mechanical properties as the fibers are loaded along their strong direction as 
well.  
Hence, freeze casting enables the design of a hierarchical structure. The first level 
of hierarchy is comprised of, as well as altered by, the polymer and the included fiber 
and/or particle that make up the solid that forms the lamellae of the freeze-cast cellular 
material. As described for hybrid materials, the special arrangement of this structure is 
essential for the materials’ performance at the macroscale.  The second level of hierarchy 
is the porosity resulting from the ice-templating notion of freeze casting. This porosity, 
which includes lamellae thickness and spacing, can be controlled with the freezing rate.  
Less directional properties would result with a low temperature gradient, resulting in the 
increased angle between the a-direction of the hexagonal ice crystal and the temperature 
gradient, as shown in Figure 1.6. 
In summary, freeze casting, also termed ice-templating, is a directional 
solidification method that provides multiple pathways to tailor the structure of a cellular 
material. The excellent control over the microstructure by freezing front velocity 
manipulation and enhanced control of reinforcements through self-assembly place freeze 
casting well above methods that create equiaxed foams. When loaded in the direction of 
solidification, the achieved honeycomb-like structure exhibits anisotropic properties that 
are significantly higher than those achieved by non-directional solidification (Ashby 
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2006). Thus, it is the combination of the ability to custom-design the wall material and 
the ability to adjust the scaffold architecture, which compels us to utilize this processing 
method to achieve higher mechanical performance at a given relative density in freeze-
cast hybrid materials. 
The freeze casting system, which we constructed after the system at Lawrence 
Berkeley National Laboratory, is equipped with four copper rods that act as coldfingers 
when immersed in liquid nitrogen.  The samples are placed on top of the copper 
coldfingers in polytetrafluoroethylene (PTFE) molds with copper bottom plates.  
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Figure 1.9. Freeze caster schematic. The cold source is a liquid nitrogen bath in which the 
copper coldfinger is placed. 
 
 
 
A PID controller controls the rate at which the sample is cooled with the use of a band 
heater that heats the coldfinger.  A data acquisition system with a PTFE mold containing 
multiple thermocouples allows for a closer examination of the freezing process, as 
discussed in §2.10.1.  As the coldfinger is cooled according to the applied freezing rate to 
a temperature of -150°C, the ice crystals nucleate on the copper bottom plate and grow 
upward along the temperature gradient within the PTFE mold.  As the ice crystals grow 
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they reject impurities, meaning what is suspended or dissolved in the water, and solidify 
pure.  The suspended or dissolved matter is then arranged in between the ice crystals and 
creates the pore cell walls, which are later exposed after the ice is sublimated.  
 
Motivation for Structure-Property-Processing Correlations 1.9.
With such a vast array of applications, cellular materials represent an important part 
of engineering materials and an area where research is of great significance.  Each 
application demands the understanding of the physical structure, selected wall material, 
required mechanical performance, and the correlation between the three.  Presently, these 
correlations are exceptionally insufficient; while the relationship between processing and 
structure has been studied, no systematic correlations exist with the mechanical 
performance.  Therefore, an examination of the structure of a cellular material with 
respect to the component material and the mechanical properties observed will be 
beneficial in the prediction of a cellular material’s behavior and the tuning of such a 
structure for a given application. 
Investigated here are the correlations between the processing, composition, structure, 
and mechanical properties of a cellular biopolymer and biopolymer-based composite in 
an effort to create multifunctional hybrid cellular materials that exceed the performance 
of current materials.  
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 Thesis Objective 1.10.
The objective of the research presented in this thesis was to show that through the use 
of the directional solidification technique freeze casting, hierarchically structured porous 
composites, termed hybrids, can be created with remarkably tunable structures and 
properties. This was controlled through the solution or slurry composition and its inherent 
properties, as well as the processing parameters, such as the freezing front velocity, local 
cooling rate, and temperature gradient during the directional solidification.  Correlations 
between the processing, structure, composition, and performance will be established 
through six research aims.  
 
1.10.1.  Research Aim I 
The first research aim was to study the freezing conditions that are created in a 
freeze casting system.  This was carried out by comparing the applied freezing rate with 
the achieved freezing front velocity, local cooling rate, and local temperature in pure 
water.    
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1.10.2. Research Aim II 
Identification of the dominating ice crystal orientation in the directionally 
solidified structures was the second research aim.  Electron backscattered diffraction 
(EBSD) of frozen chitosan-ice composites was used to experimentally investigate this. 
 
1.10.3.  Research Aim III 
The third research aim was to freeze cast neat chitosan scaffolds with several 
applied freezing rates (1°C/min, 3°C/min, 6°C/min, and 10°C/min) and study the effects 
on the freezing conditions and the resulting pore size, pore morphology, and the 
mechanical performance of the lyophilized scaffolds.   
 
1.10.4.  Research Aim IV 
The effect of an additional polymer on the freeze-cast structure was the fourth 
research aim.  To do this, neat gelatin and chitosan-gelatin composite scaffolds were 
evaluated.  The effect on the stability and performance in a wet environment was also 
investigated with the crosslinker genipin. 
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1.10.5.  Research Aim V 
The fifth research aim was to reinforce the freeze-cast cell wall material.  This 
reinforcement was investigated for increased toughness with the inclusion of fibers, i.e. 
nanocellulose (NFC), and for increased stiffness and strength with two different types of 
particles, i.e. sodium montmorillonite nanoclay (MTM) and hydroxyapatite (HAp). 
 
1.10.6.  Research Aim VI 
Combining the knowledge obtained from the findings of the previous aims in an 
effort to create a bone tissue scaffold was the sixth research aim.  Designed to mimic the 
structure of natural bone, a core-shell structure was prepared and investigated. 
 
 Outline of Presented Work 1.11.
The corresponding research and supporting literature will be discussed in the 
following chapters.  
Chapter 2, highlights the work from the paper Cryogenic EBSD Reveals Structure of 
Directionally Solidified Ice-polymer Composite (Donius, Obbard et al. submitted) and 
presents an examination of the theory surrounding the solidification of ice under the 
conditions found in freeze casting.  In situ experiments and alignment during freezing are 
described from the paper Platelets Self-assemble into Porous Nacre during Freeze 
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Casting (Hunger, Donius et al. 2012).  It also describes the structural effects resulting 
from freeze casting, as discussed in the paper Biomaterials by Freeze Casting (Wegst, 
Schecter et al. 2010). 
Chapter 3 presents the mechanical performance and attributes of chitosan scaffolds 
neat, with the polymer gelatin, and with crosslinking.  It draws on the work from the 
three papers Directionally Solidified Biopolymer Scaffolds: Mechanical Properties and 
Endothelial Cell Responses (Meghri, Donius et al. 2010), New crosslinkers for 
electrospun chitosan fibre mats. I. Chemical analysis (Austero, Donius et al. 2012), and 
New crosslinkers for electrospun chitosan fibre mats. II. Mechanical properties (Donius, 
Austero et al. 2013).   
Chapter 4 describes the contribution that cellulose, sodium montmorillonite nanoclay, 
and hydroxyapatite have on the mechanical performance and function of freeze-cast 
scaffolds.  It focuses on the work from the papers Anisotropy Effects on Mechanical 
Functionality of High-Porosity Nanocellulose-Nanoclay Aerogels Prepared by 
Directional Freeze Casting (Donius, Liu et al. submitted) and Nanocellulose Increases 
Toughness in Hydroxyapatite Composite Scaffolds (Donius, Hunger et al. in manuscript).  
Chapter 5 explores the possibility for a freeze-cast core-shell chitosan-hydroxyapatite 
scaffold as a bone tissue scaffold.  It centers on the work described in the paper Core-
shell Scaffolds for Bone Tissue Engineering (Donius, Hunger et al. in manuscript). 
Chapter 6 summarizes the work of this thesis and discusses areas of possible future 
work. 
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CHAPTER 2. INVESTIGATION OF THE FREEZE CASTING PROCESS 
 
Introduction 2.1.
In order to establish structure, property, and processing correlations in freeze-cast 
scaffolds, it is essential to understand the structure formation process during directional 
solidification of, in this case, water-based solutions.  Since the structure is controlled and 
templated by the growing ice crystals, parameters have to be identified to characterize 
this system.  These parameters namely, the freezing front velocity, the local cooling rate, 
and the local temperature gradient, as well as the ice crystal orientation describe the 
conditions present at the solid-liquid interface (Research Aims I and II).  When these 
parameters are quantified, they can be used to correlate processing and structure. 
 
 Solidification Theory: Single and Binary 2.2.
In solidification, there are different behaviors observed for systems that contain only 
one substance and those that contain more.  Solidification centers on the concept of latent 
heat, which is the energy required to change the phase of a unit mass.  The key aspects 
for understanding solidification of a system are the temperature, the melting temperature 
of the material, and the solid-liquid interface created. 
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When a system with a single phase undergoes temperature changes, the solidification 
is controlled by the melting temperature and the environmental conditions, or the 
temperature and pressure under which the system is placed.  When a pure substance is 
cooled below its melting point, Tm, the substance begins to solidify, starting at the cold 
source.  If the cold source is a planar boundary, as shown in Figure 2.1, then the 
substance solidifies towards the positive gradient and any perturbations that may arise 
reach into a zone of higher temperature, re-melt, and are quickly overtaken by the 
solidifying planar front (Glicksman 2011). 
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Figure 2.1 Pure substance solidifies from a cold source at left and progresses from A to 
D. Temperature gradient profile 1 shows the case where the perturbation forms (B).  
Since the tip reaches into a zone of higher temperature (profile 1), there is no driving 
force for this perturbation to grow; instead it melts and the planar front continues (C).  
Temperature gradient profile 2 shows the case for the planar front (A, C, until D).  
Modified after (Glicksman 2011) and DoITPoMS. 
 
 
 
In a binary system the presence of the impurity, or solute, in the liquid changes the 
circumstances.  Unlike in a pure substance system, in a binary system the concentration 
of the solute is an additional contributing parameter.  Since typically the solute is more 
soluble in the liquid than the solid, the solute is rejected from the liquid.  To determine 
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the degree to which a solute will be rejected, a phase diagram is used.  A simple water-
based example is sodium chloride (salt) in water, shown in Figure 2.2.  
 
 
 
 
Figure 2.2. Phase diagram of sodium chloride in water (Muldrew 1997). 
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At high temperatures with low salt concentrations all of the salt crystals are dissolved 
in the water.  However, if the salt concentration increases, and thereby crosses over the 
solubility line, Tms, then the salt remains as crystals in the saltwater, or brine; the solution 
is supersaturated.  If the temperature of the starting brine is instead decreased below the 
liquidus line, then the ice crystals nucleate and solidify pure.  The liquidus line, or the 
melting point curve, Tml, is assumed linear for simplification and is determined as 
 
 mCTT m
l
m 
 
Equation 2.1 
 
where Tm is the melting point temperature, m is the slope of the liquidus line reduced 
by the solute concentration, and C is the concentration of the solute (salt) in the liquid 
(water) (Kurz and Fisher 1981).  The salt that is rejected from the ice under these 
circumstances increases the salt concentration of the brine.  This remains the case until 
the eutectic point, TE, is reached, which in the case of brine is at 23.3% salt and -21.1°C. 
Further, in such a binary system when the temperature is lowered, there is a unique 
relationship between the temperature, solid-liquid interface, and concentration.  
Considering the same environmental conditions and setup as demonstrated in the single 
phase system (illustrated in Figure 2.1), the perturbation again grows into a positive 
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gradient, where the temperature of the liquid is higher than the solid, see Figure 2.3.  
However, in a binary system there is a high concentration of solute at the solid-liquid  
 
 
 
 
Figure 2.3. Binary substance solidifies from a cold source in the z-direction (a) The 
temperature gradient profile (a) shows the case before the perturbation forms (b).  The 
temperature gradient profile (b) shows the case where the perturbation grows (Kurz and 
Fisher 1981). 
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interface due to the fact that solute is rejected from the solidifying substance.  This 
concentration gradient results in a locally reduced solidification temperature and creates a 
condition known as constitutional supercooling.  Under such a condition, the actual 
temperature of the liquid is below the liquidus temperature and therefore supports the 
growth of the perturbation ahead of the unstable planar front.  This concept is shown in 
Figure 2.4.   
  
 
 
 
Figure 2.4. Constitutional supercooling (Tiller, Jackson et al. 1953, Liu, Su et al. 2011). 
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This condition of constitutional supercooling occurs when 
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Equation 2.2 
 
where G is the temperature gradient at the solid-liquid interface, v is the freezing front 
velocity, m is the slope of the liquidus line in the phase diagram, Co is composition, D is 
the diffusion coefficient, and k is the ratio of solute concentration in the solid to the 
concentration in the liquid (Tiller, Jackson et al. 1953, Kurz and Fisher 1981).  
The shape and scale of the microstructure obtained during solidification can be 
estimated according to two main processing parameters, the temperature gradient, G, and 
the freezing front velocity, v (Kurz and Fisher 1981).  Categories of microstructural shape 
can be identified along the G/v values (see Figure 2.5).  The size of these features can be 
identified with their local cooling rate, T , or G×v.  As the G/v values increase, the 
growth morphology goes from planar, to cellular, to dendritic, as is expected from 
Equation 2.2.  On the other hand, as T  increases, the structure goes from coarse to fine. 
These parameters will be investigated in § 2.10.  
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Figure 2.5. Schematic summary of the microstructures achieved during solidification 
(Kurz and Fisher 1981).  In the insets, striped areas denote the solidifying crystals; white 
is the liquid.   
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 Ice 2.3.
Water is the foundation of our living world due to exceptional properties, which are 
explained.  While water has much to offer in many biological applications, such as the 
liquid vehicle for nutrient and waste transport, the two most important aspects with 
respect to materials science are water’s volume change upon solidification and the 
structure of the ice formed. 
While extreme pressures and temperatures can result in over 15 different crystalline 
forms of ice, there are only two forms found naturally on earth, ice Ic and ice Ih 
(Petrenko and Whitworth 2002, Salzmann, Radaelli et al. 2006).  Ice Ic, with a cubic 
structure, is only found in the upper atmosphere at temperatures below -80°C.  As a 
result, ice Ih accounts for nearly all of the ice on earth.  It has a hexagonal structure, see 
Figure 2.6, and is stable at temperatures below 0°C at atmospheric pressure.  It is 
assumed that the ice referred to throughout this text is ice Ih, so no distinction will be 
made. 
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Figure 2.6. The crystal structure of ice Ih (Petrenko and Whitworth 2002).  The unit cell 
is shown with dotted lines with corners marked with letters A through H. Open spheres 
represent oxygen and black spheres represent hydrogen.  The gray spheres mark the 
oxygen atoms contained within the unit cell.  
 
 
 
Water is composed of two hydrogen atoms covalently bonded to one oxygen atom.  
In liquid water, the H2O molecules are weakly bonded together with unstable hydrogen 
bonds, which are constantly being formed and broken.  Because of this, each H2O 
molecule is said to be bonded to 3.4 other H2O molecules.  However, when water is 
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solidified the lattice structure becomes rigid and each H2O molecule is bonded to four 
other H2O molecules.  As a result, when the water freezes it takes up a larger volume 
(~9% greater) than in its liquid form (Petrenko and Whitworth 2002).  This is also seen in 
its decrease in density from 0.99997 g/cm3 at 4°C to 0.91671 g/cm3 at 0°C (Ginnings and 
Corruccini 1947, Ashton 1986). 
 
 
 
 
Figure 2.7. Structural difference between liquid water and ice (Chen 2012). 
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When water freezes, ice solidifies in a hexagonal unit cell, resulting in hexagonal ice 
crystals, like those shown in Figure 2.8 .  As they do, the growth normal to the basal 
plane, in the direction of the c-axis or the {0001} direction, is reportedly slower by as 
much as 100 times than in the direction of the a-axes, or the {11-20} direction (Jackson, 
Uhlmann et al. 1967, Hobbs 1974, Petrenko and Whitworth 2002). 
 
 
 
 
Figure 2.8. The hexagonal ice structures with spheres representing the oxygen atoms and 
rods representing the hydrogen atoms. A schematic of an ice crystal with the a-axis and 
c-axis. Ice crystals grown in a laboratory, scale bar 100 µm (Libbrecht 2005). 
 
 
 
Differences in mobility are reported by Jackson to result from the much more 
molecularly diffuse nature of the crystal liquid interface on the faces normal to the basal 
plane (Jackson 1958, Jackson, Hunt et al. 1966).  On the basal plane, it is projected that 
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the growth can only occur in steps, as schematically shown in Figure 2.15.  Thus, the low 
mobility is expected to result from either the difficulty of nucleating such steps or from a 
spiral staircase of steps arising from the existence of screw dislocations (Frank 1949, 
Burton, Cabrera et al. 1951, Mason, Bryant et al. 1963, Hobbs and Scott 1965). In 
contrast, on the faces normal to the basal plane water molecules are able to attach 
everywhere at the interface. 
 
 Freeze Casting 2.4.
Freezing water-based solutions and suspension for a range of research interests has 
been going on since the beginning of history (Davis 2001).  However, the effects of the 
ice on the included solid and the structures created from the freezing process were only 
qualitatively described in the early nineteen hundreds (Bobertag, Feist et al. 1908, 
Lottermoser 1908, Maxwell, Furnick et al. 1954).  Lottermoser examined colloidal 
suspensions of silicic acid and suggested that the suspended particles were arranged 
between the ice crystals upon solidification, forming flake-like structures.  Bobertag et al. 
offered fundamental qualitative results of the phase separation in water-based gelatin and 
agar hydrogels.  Maxwell et al., while motivated to produce dense ceramics, 
demonstrated that detailed objects, such as turbo-supercharger blades could be fabricated 
from a ceramic slip through a freeze casting method (Maxwell, Furnick et al. 1954).  
Later in the twentieth century reports were made on the freezing of polymer solutions in 
order to dewater colloidal systems or to create porous polymeric materials (Ezekwo, 
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Tong et al. 1980, Tong, Noda et al. 1984, Tong and Gryte 1985).  These authors observed 
the phase separation and were the first to examine the anisotropic structure with respect 
to the freezing parameters.  It was not until recent years that freeze casting was further 
investigated as an attractive way to create and control materials with highly aligned 
porosity from either ceramic slurries, polymer solutions, or metal slurries (Schoof, Bruns 
et al. 2000, Fukasawa, Ando et al. 2001, Schoof, Apel et al. 2001, Zhang, Hussain et al. 
2005, Deville, Saiz et al. 2006, Chino and Dunand 2008, Deville 2008, Fife, Li et al. 
2009, Meghri, Donius et al. 2010).   
Yet while great effort has been invested in understanding the fundamentals of the 
process of freeze casting and the properties of the materials created, very little is known 
about the ice templating process (Tong and Gryte 1985).  In other words, how the ice 
crystal growth is being controlled and affected by the polymer or impurities present and 
which interactions occur.  Little fundamental knowledge exists to link model and 
experiment, quantitatively correlating a sample’s composition and processing conditions 
with its structure and properties.  Reported studies have been largely qualitative or 
limited to a specific system, such as colloidal suspensions of spherical ceramic particles 
(Fukasawa, Deng et al. 2001, Araki and Halloran 2004).  Publications on freeze casting 
often focus on the resulting material rather than address the principles of solidification, 
crystal growth, and structure formation.  
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Polymer-water Systems 2.5.
In the case of a polymer and water solution, the polymer can be considered the solute 
in the solution as it concentrates at the solid-liquid interface.  Here it does not only 
depress the melting temperature like in solidifying metals, but also concentrates the 
polymer, thereby decreasing the water molecular mobility and the diffusivity (Tong, 
Noda et al. 1984).  As discussed in §2.2, the diffusion coefficient is changing, which is a 
noteworthy difference between solidifying polymers and alloys.  Important in the 
determination of the molecular mobility and viscosity of a polymer solution during 
freezing is the non-equilibrium glass transition temperature, Tg’, as illustrated with the 
state diagrams in Figure 2.9.  The microstructure created during solidification, as well as 
the final structural stability is also dictated by Tg’ (Fennema 1996).  When the 
temperature falls below the melting point temperature, “liquidus” Tml, water diffuses out 
from the liquid solution, nucleating and growing as pure ice crystals.  As the solution is 
further cooled, water is progressively removed from the polymer solution, concentrating 
the remaining liquid polymer solution.  With these conditions of decreasing temperature 
and increasing concentration, the viscosity of the solution increases until reaching a 
maximal polymer concentration and minimum water mobility at the glass transition 
temperature, Tg’.  Serving as a boundary point above which the polymer still contains 
liquid and below which the system is a solid, Tg’ is affected by the freezing rate.  A 
slower freezing rate raises Tg’ and results in a decreased moisture content in the polymer 
(Fennema 1996).  
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Key to the fabrication of solidified polymers is the freezing rate.  The freezing 
rate governs the velocity with which the freezing front progresses through the sample. 
This rate not only determines the ice crystal growth and moisture content within the 
polymer phase, but also the pore shape and structure of the final porous material (Tong, 
Noda et al. 1984).  For example, a faster rate results in smaller ice crystals and thus 
smaller pores.  For a specific polymer and composition, and therefore Tg’, the freezing 
Figure 2.9. State diagrams of a binary polymer system are shown (a-b). The assumptions 
made are constant pressure, no time dependence, no solute crystallization, and maximal 
freeze concentration.  In the plots Tms is the solubility curve, TE is the eutectic point, and 
Tml is the melting point curve. Tg is the glass transition curve and Tg’ is the solute-specific 
glass transition temperature of the maximally freeze-concentrated solution.  Solid lines 
represent equilibrium conditions, while dashed lines represent conditions of metastable 
equilibrium. The effect of increasing rate of freezing (rate a<b<c<d) on Tg’ is shown in 
(b). The maximal freeze-concentration occurs only along the Tml-TE curve. (Donius, 
Obbard et al. submitted) after (Fennema 1996). 
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rate determines structural instabilities formed at the solid-liquid interface.  Utilizing the 
correlations made between freezing rate, concentration, and composition not only enables 
the control of the pore morphology and surface structure in the freeze-cast material, but 
also instability formation during freezing (Munch, Saiz et al. 2009). 
 
 Freeze Casting Polymers 2.6.
Freeze casting of water based polymer solutions results in conditions that promote 
the formation of lamellar or columnar ice (Zhang, Hussain et al. 2005, Deville, Saiz et al. 
2006, Deville, Saiz et al. 2006, Deville 2008, Meghri, Donius et al. 2010, Wegst, 
Schecter et al. 2010, Deville and Bernard-Granger 2011).  In freeze casting, the polymer 
solution is directionally solidified, separating the phases into ice and vitrified polymer.  
In a secondary step after complete solidification, the ice crystals are removed by 
sublimation in a lyophilizer and the vitrified polymer is dried further.  The remaining 
structure is the negative of the ice that formed and was removed (Figure 2.10).  
Macroscopically, this produces a honeycomb-like structure where the ice growth can be 
thought of as along the x3–axis of their prismatic microstructure, shown in Figure 1.3.  
Additionally, the drying step also plays a role in the structure and properties of the freeze-
cast sample, or scaffold produced.  Thus, the ice removed from the lamellar ice crystals 
creates macro- and microporosity, while the water removed from the polymer phase is 
thought to create nanoporosity within the polymer walls (Hunger, Donius et al. 2012). 
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Figure 2.10: Schematic of the directional freezing (a), which creates porous materials (b).  
Dimensions of the microstructure (pore and cell wall width, p and d, and wavelength, λ) 
can be tuned.  
 
 
 
In work pertaining to freeze casting, the structure of porous materials were only 
characterized after the ice phase was removed, thereby eliminating any information that 
could be gained from the ice and also introducing drying influences on the polymer (such 
as shrinkage, nanoporosity, and distortion).  Therefore, the details of the ice crystals’ 
orientation and possible influences on the structure of a directionally solidified ice-
polymer composite were investigated here.  This work was carried out with the use of 
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cryogenic EBSD and is the first report to utilize such an approach; linking freeze-cast 
materials as solidified with their structure.  
 Electron Backscatter Diffraction (EBSD) 2.7.
Electron backscatter diffraction (EBSD) is a quantitative characterization technique 
used in a scanning electron microscope (SEM) for microstructural analysis of crystalline 
or polycrystalline materials.  In the SEM, the electron beam is directed at a specimen, 
which is positioned at an approximately 70° tilt relative to the beam.  The atoms of the 
crystal scatter and diffract the electrons.  Those electrons that satisfy the Bragg equation 
form a set of cones corresponding to each diffracting plane, where n is an integer, λ is the 
wavelength, d is the interplanar spacing, and θ is the angle of incidence.  
 
  sin2dn 
 
Equation 2.3 
 
This creates intersecting bands, or Kikuchi bands, on the phosphor screen, which is then 
focused onto a CCD camera.  The lattice parameters define these Kikuchi bands.  The 
intensity and width describe the spacing of the atoms and the angles between the bands 
describe the angles between the planes. Kikuchi bands also show the symmetry of the 
crystal lattice (Zhou and Wang 2007). This is shown in Figure 2.11. 
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Figure 2.11. View inside an SEM demonstrating the setup for EBSD (a). Schematically 
showing the electron path and resulting diffraction (b) (Oxford-Instruments 2011).    
 
 
 
While the diffraction pattern will change with different materials, it also changes with 
different crystal orientations.  As the electron beam passes over different positions on a 
material, then the resulting backscattered patterns may be different.  This is the case if the 
material is made up of many grains or crystals, which is the case with most materials.  
Additionally, a domain can be identified if a region contains the same crystal orientation.  
However, if it was a single crystal then there would be no difference over the cross 
section of the specimen.  The most common example of this is in single crystal silicon 
wafers.  EBSD can be used for the characterization of many other microstructural 
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features that will not be discussed here.  These include the analysis of texture and strain 
among others. 
Once the EBSD pattern is created, the Kikuchi bands can be identified and indexed 
with Miller indices.  These are then matched with known crystal structures from materials 
in a database.  This can be done manually or through the use of automated software, such 
as Oxford Instrument’s HKL CHANNEL 5™ software.  Orientations can then be 
determined.  Pole figures can be created manually or through the use of software in an 
effort to understand the orientations over a given area.  Pole figures, shown in Figure 
2.12, first project the crystal faces of an inscribed crystal onto a sphere.  Then those 
projected points on the sphere are projected onto a plane perpendicular to the diameter of 
the sphere.  This plane consisting of projected points is the pole figure. 
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Figure 2.12. Construction of a pole figure.  Crystal is inscribed in sphere and faces are 
projected (a). Sphere is places perpendicular to a plane and points on the sphere are 
projected onto the plane creating a pole figure (b) (Klein 2000). 
 
 
 
Experimental Investigation of Ice 2.8.
As a result of no existing experimental evidence of the ice crystal orientation in 
freeze-cast materials, an ice-polymer composite was chosen to investigate the orientation 
of the ice and the structure created under certain conditions.  Chitosan solutions were 
prepared by dissolving 1.9 vol% low molecular weight chitosan (75-85% deacetylated, 
Sigma Aldrich, St. Louis, MO) in 1% (v/v) glacial acetic acid (VWR International, West 
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Chester, PA) in doubly distilled water.  To ensure complete dissolution of chitosan, 
solutions were mixed at 10 rpm for 48 hours at room temperature using a Wheaton bench 
top roller (VWR International, West Chester, PA).  Immediately before freezing, the 
chitosan solutions were degassed at 1800 rpm for 3 minutes using a high shear 
SpeedMixer (FlackTek, Landrum, SC).  The prepared chitosan solutions were then 
carefully pipetted into polytetrafluoroethylene (PTFE) molds of 18 mm inner diameter 
and fitted with copper bottom plates.  Following this, the filled molds were placed on 
coldfingers and left open to ambient conditions, thus a room temperature of 22°C.  
The chitosan-filled molds were pre-cooled to 5°C before being further cooled through 
the coldfingers at a rate of 6°C/min to a temperature of -150°C, as described in §1.8.2 
(Meghri, Donius et al. 2010, Hunger, Donius et al. 2012).  After freezing, the samples 
were unmolded with a punch and stored in centrifuge tubes at -80°C. The frozen samples 
were then shipped overnight in insulated containers with dry ice to the Dartmouth Ice 
Research Laboratory (IRL), Hanover, NH.  Upon receipt, the frozen samples were placed 
in a -40°C cold room where they were stored until sectioning. 
Secondary electron images and electron backscatter diffraction (EBSD) patterns were 
collected with a FEI XL-30 environmental scanning electron microscope (SEM) 
equipped with a Gatan cold stage and cryotransfer system.  For analysis, the freeze-cast 
chitosan samples were prepared in a -40°C cold room.  They were sectioned 
perpendicular to the freezing direction with a band saw into specimens of 
15 mm × 10 mm × 5 mm.  Immediately before the SEM experiments, the specimen was 
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mounted onto a custom-made pre-cooled copper holder with a 10° tilt. The mounted 
sample was thinned with a razor blade in a -20°C cold room to remove the top layers and 
eliminate regions of possible sublimation. The copper holder and the uncoated specimen 
were then quickly loaded into the SEM via the cryotransfer system.  The SEM was 
operated at 15 kV with a beam current of 0.15 nA. Sublimation was minimized by 
holding the cold stage at -120°C and by using the SEM in its environmental mode with 
an auxiliary gas (nitrogen) pressure between 8 and 17 Pa.  For EBSD, the sample stage 
was tilted an additional 60°, resulting in an overall tilt of 70° from the beam direction.  A 
schematic and full description for obtaining and indexing EBSD patterns from ice is 
given in Iliescu et al. in 2004 and Obbard et al. in 2006 (Iliescu, Baker et al. 2004, 
Obbard, Baker et al. 2006).  EBSD patterns were collected manually from 23 different 
positions in six different ice lamellae domains. Patterns were indexed with Oxford 
Instrument’s HKL CHANNEL 5™ software by first manually selecting the Kikuchi 
bands and comparing with the ice Ih data file, techniques previously described in §2.7, 
according to Iliescu et al. (Iliescu, Baker et al. 2004). 
SEM micrographs taken with 10° tilt of a sample sectioned perpendicular to the 
freezing direction, are shown in Figure 2.13a-c.  The notable phases of the templated, 
honeycomb-like polymer-ice composite are identified and shown in Figure 2.13a.  The 
polymer pore wall thickness is approximately 2 μm with a spacing of 50 µm and long 
axis of 200 μm to 400 μm.  Resulting from the ice growth along the temperature gradient 
in the vertical direction, the ice and polymer lamellae are highly aligned.  The pores are 
arranged in domains consisting of several polymer and ice lamellae (Figure 2.13b).  
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EBSD shows these ice lamellae to be single crystals.  A number of different domains, or 
single crystals, that run the length of the sample are shown in Figure 2.14.  In Figure 
2.13b and Figure 2.13c the ice had begun to sublime, removing the surface layer of ice 
and exposing the three-dimensional form of the porous polymer scaffold.  For 
comparison, Figure 2.13d shows an SEM micrograph of a sample after lyophilization that 
was fabricated under similar processing conditions from a solution of identical 
composition. 
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Figure 2.13: SEM secondary electron images of a frozen polymer-ice composite taken 
perpendicular to the freezing direction with minimal sublimation (a), the composition 
after 5 minutes sublimation (b), magnified view of the ridges on a polymer lamella and 
polymer pillars (5 minute sublimed sample) (c), and  a similar cross-section of a sample 
after it has been lyophilized (d) (Donius, Obbard et al. submitted). 
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In Figure 2.13c polymer ridges running parallel to the freezing direction are 
shown.  These are often only found on one side of a given wall with fairly regular 
periodicity (approximately 10 μm spacing).  Given that the ice forms first, the polymer 
ridges are expected to follow the contours of the ice.  Hence, the polymer ridges, which 
can be thought of as the concentrated polymer between two ice ridges, should originate 
from ice instabilities formed on the primary ice dendrites.  Besides these ridges, another 
insight obtained by observing such materials while frozen are the polymeric pillars shown 
in Figure 2.13c.  These pillars are near, though not attached, to the polymer wall.  These 
pillars may collapse or break off during post-freezing steps, such as lyophilization and 
Figure 2.14: Polarized optical micrograph of a thinned freeze-cast ice-polymer composite 
longitudinal section, where the freezing direction is across the page from left to right (a). 
Magnified view of area within the black box shows lamellar spacing within single ice 
crystal domains (b).  (Donius, Obbard et al. submitted). 
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sectioning since they are not frequently visible in similarly freeze-cast samples, as 
demonstrated in Figure 2.13d.  
EBSD patterns were obtained from 23 positions in six different domains at the 
center of the ice lamellae.  A representative diffraction pattern is shown in Figure 2.15d.  
The poles from all locations sampled are contained in the upper hemisphere c-axis 
{0001} and a-axis {11-20} shown in Figure 2.15a and b.  In addition, positions on the 
polymer lamellae were selected, but did not yield any diffraction patterns as was expected 
from the assumption that the polymer lamellae are amorphous.  
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Figure 2.15: Ice crystal growth schematically illustrated (a) and a representative EBSD 
pattern (b) from a position in an ice lamella. Pole figures based on the hexagonal ice 
crystal structure shown from the {0001} (c) and {11-20} (d) planes, with the regions A-F 
examined (e). Scale bar 50 µm.  (Donius, Obbard et al. submitted).  
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The pole figures constructed from the EBSD patterns indicate that the c-axes lie 
90° from the growth direction, or in the plane of the cross-section shown in Figure 2.13a.  
In ice, as previously described in §2.3, there are three a-axes for each c-axis (or crystal) 
where these are in the {11-20} direction (Figure 2.15).  Looking at the pole figures, it can 
be seen in the first ever experimental examination of freeze casting, to favor this <11-20> 
direction.   
As a consequence of the directional solidification, freeze-cast materials have a 
lamellar structure of adjacent cells that run the length of the sample, as demonstrated in 
Figure 2.14.  While the ice crystals surrounded by polymer walls run several centimeters 
in length parallel to the freezing direction, they are tens to a few hundred microns thick.  
The thin sections viewed through crossed polarizers corroborate the slightly deviating, 
but aligned crystal growth in the direction of solidification (Figure 2.14).  Areas of the 
same polarization (color) show domains of similar crystal orientation.  These can be seen 
as the single crystals orientation, with one common nucleation site.  Such a structure is 
similar to that seen in cast metal ingots, known as columnar regions, where a growth 
direction is favored.  At the cold nucleating surface, various orientations develop, but 
only those close enough to the favored direction continue.  Therefore, the nucleation 
conditions directly influence the crystal domain.  This must be distinguished from the 
lamellar spacing, which is dependent upon the growth conditions resulting from stability 
theory (Mullins and Sekerka 1963, Mullins and Sekerka 1964). 
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Observing that the ice crystals grow along the a-axis for 21 out of 22 cases rather 
than the c-axis of low mobility is important in understanding the interface instability.  In 
diffusion controlled crystal growth, compositional gradients develop and continue as a 
driving force.  Water molecules attach to the ice crystal interface, thereby depleting the 
adjacent polymer region of water.  As a result and considering the low mobility, any 
perturbations can increase and grow in the solidification direction, such as the <11-20> 
one processed with freeze casting since these perturbations reach into a region of lower 
polymer concentration and thus higher water mobility.   
The lamellae shown in Figure 2.13, however, show one sided perturbations.  
Similar perturbations have been observed in work reported previously, though not 
examined (Deville, Saiz et al. 2006, Guan, Porter et al. 2010, Wegst, Wheatley et al. 
2012).  As the temperature decreases, the diffusivity of water from the polymer 
decreases.  This is attributed to the decrease in the mean square jump length and the 
increase in the residence time with decreased temperature (Hall and Ross 1981, Tripadus, 
Zacai et al. 2011).  With low and decreasing diffusivity, the development for c-plane 
instabilities is possible, as described in §2.2.  Yet, as to why these perturbations (Figure 
2.13) only appear on one side of the lamellae is not clear.  Perhaps the small tilt away 
from the growth direction, as is seen in the deviations in poles in the {11-20} plane 
plotted in Figure 2.15, provides the conditions suitable to favor such instabilities.   
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In situ Freezing 2.9.
Further, the flow of the polymer phase in between the growing ice crystals during 
solidification is not understood.  Yet, as the water cools, solidifies, and expands the 
volume fraction of liquid will decrease while the flow of the remaining liquid increases.  
However, at a specific location this flow is complicated by the increasing viscosity of the 
polymer solution and the available volume of the remaining liquid solution is decreased 
with the decrease in temperature and increase in polymer concentration.  This means that 
the liquid will be constrained in the longitudinal direction away from the solidifying 
region, towards the open end of the mold.  To understand the flow of the polymer during 
solidification in situ experiments were carried out. 
In an effort to examine the dynamic freezing process in more detail, a linear freezing 
stage was custom created.  This stage allows for a Hele-Shaw cell setup; a liquid nitrogen 
bath contained in Styrofoam was created with a slot opening in which two microscope 
slides are inserted with a desired liquid enclosed between them.   When the nitrogen is 
added, a temperature gradient is applied and causes the liquid between the glass slides to 
solidify at the end closest to the nitrogen and the ice crystals grow away from it, through 
the contained liquid.  This directional solidification is similar to that obtained through 
freeze casting, but due to the limited thickness of the cell has the advantage of being 
observable in situ with the use of high resolution microscopy or X-ray diffraction. 
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Chitosan solutions alone did not have enough contrast with the ice to examine the 
process adequately.  Therefore, chitosan solutions with the addition of platelets, in this 
case alumina with a thickness of 300-500 nm and diameter of 5-10 µm (AlusionTM, 
Antaria Limited, Bentley, Western Australia), were used to provide more contrast and 
better visualize the process with a high resolution stereo microscope (Leica M205, Leica 
Microsystems Inc., Buffalo Grove, IL, USA) (Hunger, Donius et al. 2012).   
 
2.9.1. Ice Crystal Growth and Alignment 
The ice crystals grow parallel to the temperature gradient (a-axes of the ice 
crystal), while also growing perpendicular to this at a much slower rate (c-axis of the ice 
crystal), as observed and shown in Figure 2.16; still images are shown in succession (a-
d). This thereby creates aligned ice crystals that have an orientation determined by the 
temperature gradient and a thickness, which though also influenced by the temperature 
gradient, is determined by the freezing rate, as previously discussed (Meryman 1956).  
Between the ice crystals the polymer and alumina are arranged.  Observed in situ, it can 
be seen that the mushy zone, or the partially solidified region, continually allows for 
diffusion and solute motion until complete solidification.  During this process ahead of 
the solidification front, convection effects move the suspension around, thus contributing 
to the effects of alignment and engulfment avoidance (Elliott and Peppin 2011).  
However, between the ice crystals, longitudinal flow can clearly be observed as explained 
in the beginning of this chapter (Hunger, Donius et al. 2012).  During solidification, as 
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shown in Figure 2.16d for example, there is still longitudinal particle motion visible in 
the white regions of the ceramic-polymer suspension in between the black ice crystals.  
The micrographs shown in Figure 2.16 do not resolve the 300-500 nm by 5-10 µm 
platelets.  However, the literature supports the intuitive notion that the high aspect ratio 
inclusions align with their long dimension parallel to the flow due to shear; explained by 
a reduction of the drag force acting on the individual platelets and possibly a reduction in 
free energy, which is thermodynamically favorable (Onsager 1949, Straley 1974, Clarke 
1996).  Therefore, the flow between the ice crystals and the lateral ice crystal growth 
combine to align high aspect ratio inclusions in the direction of solidification and thus the 
direction of the temperature gradient.  Fibers, which exhibit even higher aspect ratios, are 
thought to similarly be affected.  This will be discussed in Chapter 4. 
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Figure 2.16: Still images of directional solidification of chitosan solutions including 
alumina platelets observed over time (a-d).  The ice crystals (black) grow more rapidly in 
the direction of the temperature gradient (up), but also laterally grow as seen by the 
increasing thickness. Scale bar is 100 µm (Hunger, Donius et al. 2012). 
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 Freezing Conditions 2.10.
The freeze casting of materials was carried out at two defined freezing rates of 
1°C/min and 10°C/min.  These applied freezing rates acted on the coldfinger just below 
the mold, but are limited in their efficacy in describing the freezing conditions.  As such, 
a thermocouple mold, which will be described in section 2.10.1, was employed to 
experimentally measure the temperature of the contained material at given positions 
during the entire freezing process.  Utilizing such a setup allowed for a better prediction 
and control of the final porous freeze-cast materials.  The temperature profile 
experimentally obtained enabled the determination of the freezing front velocity, v, the 
local cooling rate, T , and the local temperature gradient, G.  These results were 
compared with theoretical predictions.   
 
2.10.1. Experimental Thermocouple Setup 
To experimentally examine the temperature profile throughout the duration of 
freeze casting, a thermocouple mold with six thermocouples was used.  Thermocouples 
(TCs) were embedded in the polytetrafluoroethylene (PTFE) mold at increments of 
6.4 mm along the height. This setup is shown in Figure 2.17. 
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Figure 2.17: Thermocouple mold with six embedded thermocouples.  The temperature 
and time at these heights were outputted to a data acquisition system. 
 
 
 
2.10.2. Freezing Front Velocity 
The freezing front velocity, v, describes the speed at which the solidification front 
travels through the liquid and heat is transferred.  Theory exists to calculate such a 
velocity and experimentally this can be determined since positions of the thermocouples 
are known.  
2.10.2.1. Theoretical Freezing Front Velocity 
Theoretically the freezing front velocity can also be estimated.  Important to 
bear in mind is that as the freezing front progresses, the solidification is affecting the heat 
transfer.  This occurs because at the beginning of the process the freezing front is in 
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direct contact with the copper bottom plate acting as the cold source.  However, as the 
freezing front advances, the solidified region grows and changes the thermodynamic 
conditions.  Further, the distance from the solidification front to the cold source increases, 
which results in a decreased solidification rate for the next theoretical increment.  Such a 
phase transition with a moving boundary can be considered with the use of Baehr and 
Stephan’s work considering the Stefan problem (Baehr and Stephan 2006).  The freezing 
front advances with the change in time as 
 
where the first term consists of ρL as the density of the liquid, hE as the latent heat, λS as 
the thermal conductivity of the solidified increment, TE as the solidification temperature 
of the liquid, and T0 as the solidification temperature of the cold source.  The second term 
contains the sum of the thickness of the given increment, s, and λS considering of the 
thickness of the copper plate, δC, its thermal conductivity λC, and the heat transfer 
coefficient between the copper plate and the cooling fluid, α.  Using Equation 2.4, the 
freezing front velocity can then be determined as the quotient between the change in 
thickness and the time interval, as shown in Equation 2.5.  
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Assuming the velocity, v to be constant the Equation 2.5 can be expressed in 
dependence of T0(t).  Such an equation can then be rearranged as shown in Equation 2.6 
and solved quadratically for v to determine the constant velocity of a system.  
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Applying Equation 2.6 to the system examined here containing water with the 
freezing rates of 1°C/min and 10°C/min to a final temperature of -150°C, the freezing 
front velocities could be calculated.  TE, the solidification temperature, was expected to 
be at 0°C, or 273.15 K.  T0(t) was the temperature of the cold finger surface over the 
course of freezing.  With a decrease in temperature to -150°C, the time of 900 s was 
evaluated since this corresponds to the duration of the fastest freezing rate, 10°C/min.  
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The heat transfer coefficient α between the copper plate and the cooling water, was 
experimentally determined to be 150 W/m2 K through use of the thermocouple mold.  
The thickness of the copper plate δC was 5 mm.  Using these parameters, as listed in 
Table 2.1, the quadratic equation for v was solved.  The calculated freezing front 
velocities are also listed in Table 2.1.  It was determined that a freezing front velocity of 
5.1 µm/s should be obtained for a freezing rate of 1°C/min.  Similarly, for the freezing 
rate of 10°C/min, the freezing front velocity of 25.7 µm/s would be expected. 
 
 
 
Table 2.1: Freezing front velocities of solutions calculated from given properties. 
Freezing 
rate  
 
[K/min] 
λS 
[W/m K] 
T0(900 s)
[K] 
TE 
[K] 
ρL 
[g/cm3] 
hE 
[J/g] 
δC 
[mm] 
λC 
[W/m K] 
α 
[W/m2 K] 
v 
[µm/s] 
1 2.14 258.15 273.15 1 333.6 5 400 150 5.1 
10 2.14 123.15 273.15 1 333.6 5 400 150 25.7 
 
 
 
2.10.2.1. Experimentally Determined Freezing Front Velocity 
The freezing front velocity was experimentally determined from the data 
gained through the use of the thermocouple mold described in section 2.10.1.  Over the 
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course of the entire freezing process the data was recorded at each of the six 
thermocouples.  The position of a given temperature contour, e.g. 0°C, was then plotted 
against the time it took to reach a specific thermocouple as shown in Figure 2.18.  The 
freezing front velocity, v is the slope of this 0°C isotherm.  For pure water the freezing 
point is at 0°C, while additives have the ability to lower this temperature. 
In Figure 2.18 these data points from the 0°C isotherm are shown with 
corresponding slopes.  Considering this isotherm, the freezing rate of 1°C/min resulted in 
a freezing front velocity, v, of 7.1 µm/sec, as illustrated in black in Figure 2.18.  If the 
isotherms are truly linear, then the freezing front velocities are constant.  The freezing 
rates of 10°C/min (blue) produced a faster v of 23.2 µm/sec.   
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Figure 2.18. The slopes of the height-time 0°C isotherms, cooled at the rates of 1°C/min 
and 10°C/min, result in their respective freezing front velocities. 
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2.10.3. Local Cooling Rate 
The rate at which the material at a specific position in the mold is cooled is called 
the local cooling rate.  These local cooling rates, T , as measured in the investigated 
water system are shown in Figure 2.19 as points with polynomial fits to show their 
respective trends.  The applied freezing rates, which are the rates imposed at the copper 
bottom plates, are shown as dashed lines in Figure 2.19.  It is apparent with this plot that 
the material contained within the mold is not cooled at a constant cooling rate throughout 
the entire sample.  The 1°C/min applied rate is the more similar to the obtained rate 
throughout the height of the sample.  On the other hand, the rate of 10°C/min deviates 
significantly from its applied rate.  Additionally, despite the fact that constant freezing 
front velocities are achieved throughout the entire height of the sample, the local cooling 
rates decrease significantly.  It is the hypothesis that, besides the freezing front velocity, 
this has an effect on the structure formed and thus on the mechanical properties. It is 
important to keep this in mind when these properties are evaluated.  
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2.10.4. Local Temperature Gradient 
The local temperature gradient, or the temperature gradient that is experienced at 
a specific position, was evaluated for each of the six thermocouples along the mold for 
the 1°C/min and 10°C/min freezing rates.  These temperature gradients, G, were 
Figure 2.19. Local cooling rates plotted against the thermocouple height. The local 
cooling rates corresponding to the applied rates of 1°C/min (black) and 10°C/min (blue) 
are shown.  Dashed lines illustrate the ideal rates, which are applied.  Polynomial fits 
indicate the cooling rate trends. 
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determined by considering a specific thermocouple at 0°C and then plotting the 
temperatures of the remaining thermocouples against their height.  A polynomial fit was 
then employed and the slope at the height of the thermocouple was derived.  It was 
assumed that the solid-liquid interface travels with the 0°C front.  Plotting G against the 
height of the thermocouples gives an overall picture of the experienced gradients (Figure 
2.17).  It can be seen that G is more constant for a freezing rate of 1°C/min (black) than 
for the rate of 10°C/min (blue).  Additionally, G decreases with increasing height, or 
distance from the cold source, for both freezing rates.  
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Figure 2.20. The local temperature gradients, G, illustrating the solid-liquid interfaces at 
positions along the height of the mold for rates of 1°C/min (black) and 10°C/min (blue).  
The polynomial fits give the trends for these gradients. 
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 Structural Effects  2.11.
Freeze casting enables the design of a hierarchical structure.  The first level of this 
hierarchy is the porosity resulting from the ice-templating notion of freeze casting.  This 
porosity and pore morphology, which includes lamellae thickness, spacing, and pore 
shape, can be controlled with the concentration, composition, and the freezing rate.  The 
second level of hierarchy is comprised of, as well as altered by, the cell wall material, in 
this case the polymer and any other included fiber and/or particle that make up the solid 
lamellae of the freeze-cast porous material (Hunger, Donius et al. 2012). 
With these two levels of hierarchy, there are multiple aspects of freeze casting 
that enable tailoring of a porous material.  The highly attractive control over the 
microstructure by freezing front velocity manipulation and enhanced control of 
reinforcements through self-assembly place freeze casting well above other methods that 
allow for the creation of porous materials.  Through the choice of material, freezing 
conditions, and additives the overall porosity and pore morphology can be adjusted 
(Schoof, Bruns et al. 2000, Fukasawa, Ando et al. 2001, Schoof, Apel et al. 2001, Munch, 
Saiz et al. 2009).  In addition, the pore wall topography created can be smooth, ridged, or 
rough (Guan, Porter et al. 2010, Wegst, Wheatley et al. 2012).  Therefore, it is the ability 
to custom-design the wall material and to adjust the structure, which makes freeze casting 
a compelling processing method to achieve enhanced mechanical performance at a given 
porosity. 
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2.11.1. Overall Porosity 
Due to the high tunablity of freeze casting, it is possible to fabricate materials of a 
desired composition and porosity.  However, several governing factors have to be 
considered when freeze casting materials.  Assuming that any material in a water-based 
solution or suspension is considered an impurity, then it can be stated that as water 
solidifies it rejects the impurities dissolved or dispersed forming pure ice crystals.  The 
impurities or second phase materials are arranged in the intercrystal spaces and form the 
pore walls in the final porous material.  With an increase in the concentration of dissolved 
or dispersed material, the overall porosity decreases. 
 
2.11.2. Lamellar Spacing 
The separation of water-based solutions into pure ice crystals and the second 
phase material during directional solidification results in a lamellar arrangement, with the 
lamellae parallel to the temperature gradient.  The distance between adjacent second 
phase lamellae, the lamellar spacing, λ, (shown in Figure 1.8) has evolved from early 
theoretical consideration (Tiller 1959, Mullins and Sekerka 1963), to work in metallurgy 
(Seetharaman 1988, Li, Zhao et al. 1997, Çadirli, Ülgen et al. 1999), to freeze casting 
(Deville 2008, Waschkies, Oberacker et al. 2009).  While each of these areas of interest 
define small differences, the lamellar spacing, λ, is inversely proportional to the freezing 
front velocity, ν, following 
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nv
1  Equation 2.7 
 
where n is between 0.25 and 0.7 according to some (Seetharaman 1988, Li, Zhao et al. 
1997, Çadirli, Ülgen et al. 1999, Çadirli and Gündüz 2000) and between 0.5 and 1 
according to others (Deville 2008, Waschkies, Oberacker et al. 2009).  .  This correlation 
will be analyzed for chitosan-based materials in chapters 3 and 4. 
 
2.11.3. Pore Morphology 
The freezing conditions, such as the cooling rate, which combined with the 
thermal properties of the material dictate the freezing front velocity, play a key role in the 
pore size, shape, the pore wall thickness, and the pore wall topography.  Considering a 
given composition, the pore size, the aspect ratio of the pore, and the thickness of the 
pore wall will decrease when the freezing front velocity increases.  This will be examined 
in detail in chapters 3 and 4.   
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 Conclusion 2.12.
The freezing parameters freezing front velocity, local cooling rate, and temperature 
gradient lead to the structure formed in freeze-cast materials.  Therefore, they are 
important in building correlations between processing and structure.  Freeze casting of 
pure water at the applied freezing rates of 1°C/min and 10°C/min was investigated and 
resulted in freezing front velocities of 7.1 µm/s and 23.2 µm/s, respectively.  These were 
close to their respective theoretical velocities of 5.1 µm/s and 25.7 µm/s.  Local cooling 
rates and local temperature gradients were found to decrease with increasing height of the 
mold.  While the applied rate of 1°C/min showed only a minor decrease along the height, 
the local cooling rate for 10°C/min decreased from 7.8°C/min to 1.3°C/min.  With 
respect to the local temperature gradient, the decrease was from 1.8°C/mm to 1.3°C/mm 
for the applied rate of 1°C/min and from 3.7°C/mm to 2.0°C/mm for the applied rate of 
10°C/min. 
Through the use of cryogenic scanning electron microscopy (cryo-SEM) combined 
with EBSD, the ice crystal orientation was proven to favor the alignment of the crystals’ 
a-axes parallel to the freezing direction.  Through polarized light microscopy these 
crystals were also shown to be continuous and separated into domains of the same c-axis 
orientations.  
The directional solidification of high aspect ratio impurities was additionally 
observed in situ through the use of a linear freezing setup.  These impurities (alumina 
platelets) were found to align with their long dimension along the temperature gradient.  
  82 
This understanding enables more intelligently designed, reinforced architectures and 
composites, because such observations provide insight into the structure formation 
process of the composite walls.   
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CHAPTER 3. CHITOSAN-BASED SCAFFOLDS: EXAMINATION OF THE 
EFFECTS OF FREEZING RATES, COMPOSITION, AND CROSSLINKING 
 
 Introduction 3.1.
Chitosan scaffolds were investigated to examine the influence of the freezing 
parameters described in Chapter 2.  This chapter correlates these parameters (freezing 
front velocity, local cooling rate, local temperature gradient) with the obtained pore 
structure of the highly porous scaffolds.  Through subsequent mechanical testing, this 
structure is then correlated to the determined mechanical properties (Young’s modulus, 
yield strength) (Research Aim III).  In order to improve the mechanical properties of 
these biopolymer scaffolds, especially in the wet state, crosslinking with genipin was 
performed and evaluated.  Further, through the addition of the second polymer gelatin, 
the effect of composition on structure was examined and also correlated to the 
mechanical performance (Research Aim IV).   
 
 Chitosan 3.2.
Chitosan, a biopolymer of D-glucosamine and N-acetyl-D-glucosamine, is a 
functional material that is biocompatible, biodegradable, renewable and readily available 
(Hirano, Seino et al. 1989, Dutta, Dutta et al. 2004). It is a derivative of chitin (N-acetyl-
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D-glucosamine), which is second to cellulose as the most abundant polysaccharide.  As a 
renewable resource, chitin is found in the exoskeletons of arthropods and commercially 
common from such sources as shrimp and crab (Kurita, Tomita et al. 1993, Ravi Kumar 
2000, Teng, Khor et al. 2001).  The obtained chitin is chemically treated, usually through 
a treatment of sodium hydroxide at an elevated temperature for a given period of time, to 
remove acetyl groups (COCH3) and thereby produce chitosan (Kas 1997, Ravi Kumar 
2000). The deacetylation of the chitin enables the otherwise water-insoluble biopolymer 
to be soluble in dilute acids (pHs <6).  This results because the free amino groups become 
protonated at low pHs.  The repeating unit of chitosan, a linear polysaccharide, is shown 
in Figure 3.1.  The degree of deacetylation, which is determined as the ratio of the 
deacetylated units (D-glucosamine) to acetylated units (N-acetyl-D-glucosamine) must be 
higher than 50 percent to be considered chitosan (Rinaudo 2006). Commercially available 
chitosan powders typically range from this limit up to 90 percent deacetylation 
(Madihally and Matthew 1999). 
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Effects of Freezing Rates 3.3.
Chitosan solutions were prepared and freeze-cast at three freezing rates to investigate 
the structure, properties, and the effect that processing has on these while maintaining the 
composition. 
 
3.3.1. Experimental Procedure 
Chitosan solutions were prepared by dissolving 1.9 vol% low molecular weight 
chitosan (75-85% deacetylated, Sigma Aldrich, St. Louis, MO) in 1% (v/v) glacial acetic 
acid (VWR International, West Chester, PA) in doubly distilled water.  Solutions were 
mixed at 10 rpm for 48 hours at room temperature using a Wheaton bench top roller 
Figure 3.1. Repeating unit of chitosan. In chitosan, X is 
greater than Y. 
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(VWR International, West Chester, PA).  Immediately before freezing, the chitosan 
solutions were mixed and degassed at 1800 rpm for three minutes using a high shear 
SpeedMixer (FlackTek, Landrum, SC).  The prepared chitosan solutions were pipetted 
into polytetrafluoroethylene (PTFE) molds of 20 mm inner diameter and fitted with 
copper bottom plates.  The filled molds were then placed on coldfingers and left open to 
ambient conditions.  
The freezing rates of 1°C/min, 3°C/min, 6°C/min, and 10°C/min to the final 
temperature of -150°C were applied to the copper coldfinger (Meghri, Donius et al. 2010, 
Hunger, Donius et al. 2012).  After freezing, the samples were unmolded with a punch 
and lyophilized for three days at a pressure of 0.021 mbar and coil temperature of −52 °C 
in a FreeZone 4.5 Liter Benchtop Freeze Dry System (Labconco, Kansas City, MO).  A 
thermocouple mold and data acquisition system was utilized to verify the freezing 
conditions, as described in §2.10. At least four scaffolds at each freezing rate were 
prepared. 
 
3.3.2. Structural Analysis 
The structure obtained with freeze casting is a highly porous directional structure.  
To maximize the mechanical performance it ideally consists of hexagonal columns 
aligned in the freezing direction, thus creating a honeycomb-like structure seen from the 
cross section.  In this study, the structure was investigated with optical and electron 
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microscopy.  Optical micrographs were taken with the use of a 480 nm resolution 
stereomicroscope (Leica M205, Leica Microsystems Inc., Buffalo Grove, IL, USA) and 
an attached Leica DFC400 camera.  Scanning electron microscopy was carried out on a 
Zeiss Supra 50VP FESEM (Carl Zeiss, Inc., North America) at an accelerating voltage of 
3-10 kV.  For SEM, samples were sputter coated with platinum-palladium (5nm) using a 
Denton vacuum desk II sputtering system (Denton Vacuum, LLC, Moorestown, NJ, 
USA). 
 
3.3.2.1. Structure of Freeze-cast Chitosan Scaffolds 
The ideal honeycomb structure, see Figure 1.3, was not attained with the 
examined chitosan compositions, rather a honeycomb-like, lamellar structure with 
elongated pores was achieved.  This structure has a cross sectional shape similar to a 
regular hexagon pulled at two opposite vertices, resulting in an elliptical cross section 
where the long pore axis is significantly larger than the short one.  The open pores extend 
normal to the hexagonal cross section (in the x3-direction).  A schematic representation is 
shown in Figure 3.2. 
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Figure 3.2. Elongated hexagonal pore structure. Open pore extends along the x3-direction. 
 
 
 
This obtained structure observed for chitosan scaffolds freeze-cast at various 
freezing rates is shown in Figure 3.3.  As a result of a constant polymer concentration, all 
chitosan scaffolds produced and discussed in this chapter had an overall porosity of 
96.9±0.1 percent.  Imaged here with optical microscopy, the pores are seen to emulate the 
elongated hexagonal, or lamellar, shape as illustrated in the schematic (Figure 3.2).  The 
lamellar spacing, λ, was measured as the spacing between the adjacent pore walls, as 
described in §2.11.2 and in Figure 1.8.  With freezing rates increasing from 1°C/min to 
3°C/min to 6°C/min to 10°C/min, the average lamellar spacing decreased from 
97.1±3.8 µm to 67.6±2.5 µm to 47.3±1.7 µm to 42.0±2.0 µm, respectively.  This is 
shown in Figure 3.4, where average spacings are plotted with the standard error (N=125).   
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Figure 3.3. Chitosan scaffolds frozen at 1°C/min, 3°C/min, 6°C/min and 10°C/min to a 
temperature of -150°C.  Micrographs were taken with a stereomicroscope.  The z-
direction is out of the page.  Scale bar is 200 µm. 
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Figure 3.4. Average lamellar spacing as determined from optical micrographs for 
chitosan scaffolds at the four specified freezing rates. 
 
 
 
Since the polymer concentration is kept constant, the amount of cell wall 
material remains unchanged.  However, with a decrease in the lamellar spacing with 
increasing freezing rate, the cell wall thickness decreases.  These walls are thinner in 
order to accommodate the same amount of chitosan and the creation of more cell walls.  
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Further understanding of this lamellar structure can be gained when comparing the frozen 
structure before and after freeze-drying.  To do so, the ice-polymer composite described 
in §2.8 obtained with a freezing rate of 6°C/min was compared with the dried porous 
structure of the same processing and composition.  An example is shown in Figure 3.5.  
 
 
 
 
Figure 3.5. Frozen ice-polymer composite (left) and remaining polymer structure after 
freeze-drying (right). Scale bar is 20 µm. 
 
 
 
The lamellar spacing increased slightly (λ= 45.5±0.54 µm with ice) to 47.3±1.7 µm upon 
the removal of the ice and also resulted in a wider distribution.  Additionally, the wall 
thickness decreased by about two times (1.97).  This decrease in thickness is assumed to 
result from the additional drying of the polymer through the freeze-drying step.  Chitosan 
is concentrated in between the ice crystals until it reaches the concentration of the glass 
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transition temperature, Tg.  Since this concentration depends on the freezing rate, as 
described in §2.5, it varies significantly with the processing conditions.  With the shown 
difference in the wall thickness (decrease by 50% upon the removal of the ice), a 
conservative estimation of the polymer concentration at which Tg is reached can be 
estimated around 50 vol%.  Furthermore, the increase in lamellar spacing can be 
explained as a result of the decrease in the wall thickness.  The larger distribution of 
lamellar spacing results from the distortion of the scaffolds during drying and the 
decreased stability of the polymer walls with the removal of the ice and introduction of 
porosity.  For a more thorough understanding of this phenomenon, frozen structures from 
different freezing rates can be examined and compared with their dried structures.   
Furthermore, it is not the applied freezing rate that is dictating this structure, 
but rather the resulting local freezing conditions for a specific system, as defined in 
§2.10.  These conditions for this investigated chitosan system are described through the 
parameters freezing front velocity, v, the local cooling rate, , and the local temperature 
gradient, G.   
 
3.3.2.2. Freezing Conditions 
The speed at which the solidification front travels through the chitosan 
solution, or the freezing front velocity, v, was experimentally evaluated for the applied 
freezing rates of 1°C/min, 6°C/min, and 10°C/min.  This was calculated from the slope of 
T
  93 
this 0°C isotherm from at least three scaffold freezing runs, as shown in Figure 3.6.  For 
chitosan solutions, freezing front velocities of 6.4 µm/sec, 16.9 µm/sec, and 24.0 µm/sec 
were determined for the applied rates of 1°C/min, 6°C/min, and 10°C/min, respectively.   
 
 
 
 
Figure 3.6. Freezing front velocities of chitosan solutions calculated as slopes of the 
height-time 0°C isotherms. 
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These are very similar to the theoretical values for pure water of 5.1 µm/s, 18.6 µm/s, and 
25.7 µm/s for the freezing rates of 1°C/min, 6°C/min, 10°C/min, respectively, as 
described in §2.10.2.  These are also similar to the pure water experimentally determined 
freezing front velocities of 7.1 µm/sec and 23.2 µm/sec, for the rates of 1°C/min and 
10°C/min, respectively.  Equation 2.7 described in §2.11.2, which relates the freezing 
front velocity, v, to the lamellar spacing, λ, can be used to solve for n.  Literature states 
that n is between 0.5 and 1, and for this chitosan system it is found to fall in this range at 
0.658. 
The local cooling rates, , as determined experimentally are shown against 
the height in the mold with polynomial fits to illustrate their respective trends (Figure 
3.7).  The respective applied freezing rates are indicated as dashed lines of the same 
color.  Like the pure water system, the chitosan solution is not cooled at a constant rate 
throughout the height of the sample.  While again, the 1°C/min local cooling rate is the 
most similar to the applied freezing rate along the height of the sample, the other two 
rates deviate significantly from their respective applied rates like observed in the pure 
water system.  
 
 
T
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Figure 3.7. Local cooling rates plotted against their thermocouple heights. The local 
cooling rates corresponding to the applied rates of 1°C/min (black), 6°C/min (red), and 
10°C/min (blue) are shown.  Dashed lines illustrate applied rates.  Polynomial fits 
indicate the cooling rate trends. 
 
 
 
The local temperature gradients, G, at each of the six thermocouples along the 
mold for this chitosan system were determined and are plotted against their position, or 
height from the bottom of the mold (Figure 3.8).  It can be seen that G is more constant 
for the 1°C/min (black) freezing rate, then for the other two.  Additionally, G decreases 
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with increasing height, as was also the case in pure water (§2.10.4).  This decrease in G 
results from the increased distance from the cold source. 
 
 
 
 
Figure 3.8. The local temperature gradients, G, illustrating the solid-liquid interfaces at 
positions along the height of the mold for rates of 1°C/min (black), 6°C/min (red), and 
10°C/min (blue).  The polynomial fits give the trends for these gradients. 
 
  97 
3.3.3. Mechanical Analysis 
The mechanical properties were obtained through compression testing in both the 
direction parallel to the freezing direction, therefore in the direction of the idealized 
aligned hexagonal columns, as well as perpendicular to this direction.  Thus, both the 
strong (parallel) and weak (perpendicular) directions of the structure were evaluated.  
Compression testing was carried out on an Instron universal testing machine (Instron 
4442, Instron, Norwood, MA).  Cubes of 5 mm edge length were sectioned and tested.  
Compression was performed at a strain rate of 0.01/s, which corresponded to a machine 
crosshead speed of 0.05 mm/s for such samples.  Compression testing was carried out 
until the sample reached a strain of 80%. 
 
3.3.3.1.   Mechanical Properties 
The effect of different freezing rates on the mechanical performance of 
chitosan scaffolds was evaluated.  In general, the Young’s modulus and yield strength, 
shown in Figure 3.9, increased with increasing freezing rate.  The scaffolds frozen at 
1°C/min had a modulus of 0.44±0.19 MPa and a strength of 33.3±9.8 kPa.  Scaffolds 
frozen at 3°C/min had a modulus of 0.72±0.14 MPa and a strength of 47.0±7.0 kPa. 
However, the fastest rate investigated here (10°C/min), did not produce the highest 
properties, with a modulus of 1.09±0.15 MPa and a strength of 53.3±6.3 kPa.  Rather the 
6°C/min achieved the highest performance with a modulus of 1.15±0.19MPa and a 
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strength of 55.6±8.6 kPa.  It should be noted that standard deviations are given here, and 
will likewise be used throughout this work unless otherwise noted.  While the property 
averages for these rates are within the standard deviations of one another and therefore 
can be considered relatively the same, the reason as to why the 10°C/min rate did not  
 
 
 
 
Figure 3.9.Young’s modulus and yield strength at four different freezing rates. 
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result in a scaffold with higher properties can be examined in two ways.  The first aspect 
is the lamellar spacing. Comparing the 6°C/min and the 10°C/min rates, as shown in 
Figure 3.10, the average lamellar spacing is  
 
 
 
 
Figure 3.10. The Young's modulus and yield strength at different freezing rates plotted 
against their respective lamellar spacing. 
 
 
 
found to decrease by only a small amount (11.2%).  Thus, while in general that should 
lead to an increase in scaffold stability and therefore also an increase in properties, this is 
not the case.  The second aspect that comes into play follows from the structure formation 
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conditions.  Recalling the discussion in §2.5 and Figure 2.9, with a faster freezing rate, 
the Tg is decreased and results in a lower polymer concentration in the vitrified material.  
Thus, when the chitosan solution is solidified at a faster rate, the cell walls will include 
more water/ice.  After this structure is freeze-dried, where the previous ice was porosity 
will result.  This means that the cell walls that were solidified at a faster rate may include 
more porosity, which would in turn result in lower properties.  Thus, it is hypothesized 
that there are two competing mechanisms that influence the mechanical performance of 
the scaffolds.  While the decrease in the lamellar spacing strengthens the scaffolds at the 
microscale, the inclusion of wall porosity weakens them on the nanoscale.  For the 
investigated material, 6°C/min seems to be the transition where the dominance switches 
from one influencing factor to the other.  This is also investigated in §3.5.4 
 
 The Role of Moisture 3.4.
Chitosan is an inherently hydrophilic biopolymer (Muzzarelli, Muzzarelli et al. 2005), 
which is unlike the hydrophobic biopolymer chitin from which it is derived.  Chitosan’s 
hydrophilicity results from its protonated amino group.  This, combined with the fact that 
water is a plasticizer leads to the concern for the effect that moisture content has on the 
performance of a chitosan material.  This was examined through the mechanical 
evaluation of chitosan scaffolds produced at a constant freezing rate (10°C/min), but 
tested at three relative humidities.  Scaffolds were conditioned for 48 hours at 23°C and 
their respective relative humidity of 40%, 65%, or 90% in a temperature and humidity 
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controlled chamber (LH 1.5 Test Chamber, Associated Environmental Systems, Ayer, 
MA).  Results shown in Figure 3.11, illustrate that as the relative humidity increased, the 
Young’s modulus decreased by about 30 percent and yield strength decreased by about 
20 percent.  Additionally, with this the standard deviation also increased.   
 
 
 
Figure 3.11. Effect of relative humidity (RH) on the mechanical performance of chitosan 
scaffolds. 
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 Effects of an Additional Polymer: Gelatin 3.5.
To alter the structure, as well as understand the effects that different polymers can 
have on the structure and properties, the biopolymer gelatin was investigated.  Gelatin is 
the denatured form of the protein collagen (Ross-Murphy 1992).  Consisting of peptides 
and proteins, it is attained through the hydrolysis of collagen, the protein which is found 
in the fibrous connective tissues of mammals.  Because of its biocompatibility, 
abundance, and biodegradability, and lower cost than collagen, gelatin has been widely 
used for medical and food applications as tissue scaffolds, drug delivery vehicles, and 
food additives (Baziwane and He 2003, Young, Wong et al. 2005, Solorio, Zwolinski et 
al. 2010). Furthermore, it is not a polysaccharide like chitosan, and therefore 
demonstrates the versatility of the freeze casting processing technique with water-soluble 
polymers.  
While other bioresorbable, synthetic polymers exist, these materials are not water-
soluble and are thus not suitable for a water-based freeze casting process.  Examples are 
polylactic acid (PLA) and polyglycolic acid (PGA), or a combination of the two (PLGA) 
(Langer, Cima et al. 1990, Agrawal, Athanasiou et al. 1997, Armentano, Dottori et al. 
2010).  PGA is hydrophobic and it has been reported that “the hydrophobic nature of 
PLA can become a serious problem in a predominantly hydrophilic bioenvironment” 
(Kim, Yu et al. 2003).  PGA is a hydrophilic polymer; however, it is insoluble in water 
due to its high crystallinity (Middleton and Tipton 2000).  Further, the price of PGA is 
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significantly higher than that of gelatin and chitosan, making its use for larger scale 
scaffolds unattractive (Hocking 1992). 
 
3.5.1. Experimental Procedure 
Solutions of gelatin were prepared by dissolving 5.5% (w/v) gelatin in 1% (v/v) 
glacial acetic acid (VWR International, West Chester, PA), which was prepared with 
doubly distilled water. The gelatin solutions were mixed at a temperature of 40ºC by 
magnetic stirring at 60 rpm for 12 hours.  Neat gelatin solutions were then frozen in 
accordance with the steps described in section 3.3.1.  For chitosan-gelatin scaffolds, 
chitosan was prepared as described in section 3.3.1, then the chitosan and gelatin 
solutions were mixed together with the use of a high shear Speedmixer at a speed of 
1800 rpm for 3 min.  This was used to create blends of 63 wt% chitosan with 37 wt% 
gelatin and 37 wt% chitosan with 63 wt% gelatin. 
 
3.5.2. Structural Analysis 
The structure obtained was imaged with optical and electron microscopy.  Optical 
micrographs were taken with the use of a 480 nm resolution stereomicroscope (Leica 
M205) and Leica DFC400 camera.  Scanning electron microscopy (SEM) was carried out 
on a Zeiss Supra 50VP FESEM.  SEM samples were sputter coated with platinum-
palladium (5 nm) using a Denton vacuum desk II sputtering system prior to imaging.  
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Gelatin scaffolds were found to exhibit a more tubular structure, as compared with 
chitosan scaffolds that had a lamellar structure, as shown in Figure 3.12.  This difference 
was seen at all freezing rates and is therefore an effect directly influenced by the 
composition.  To understand this resulting architecture, the material conditions are 
important.  Gelatin at room temperature forms a gel, whereas chitosan does not.  
Therefore, when gelatin is pre-cooled down to 5°C/min the gelatin gels before the 
freezing process begins.  Tubular structures were also seen in other gels that were frozen, 
such as agarose (Stokols and Tuszynski 2004). This means that the fact that it is a gel 
before freezing is instrumental in the formation of the structure.  One hypothesis to 
explain this behavior is the limited mobility of the polymer molecules within a gel, which 
inhibits reorganization of the polymer chains during solidification. 
 
 
 
 
Figure 3.12. Gelatin (a) and chitosan (b) scaffolds demonstrating the tubular structure of 
gelatin scaffolds and the lamellar structure of chitosan scaffolds. 
  105 
Through the combination of gelatin and chitosan materials exhibiting a structure 
resembling a blend of the two architectures was achieved.  These different structures 
shown in Figure 3.13, demonstrate that with an increasing weight percentage of gelatin, 
the structure obtained gradually changes from a lamellar structure (Figure 3.13b) to a 
more tubular structure (Figure 3.13d). 
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Figure 3.13. Micrographs of a chitosan cross section (a), chitosan-gelatin cross section at 
a ratio of 63:37 (b), chitosan longitudinal section (c), chitosan-gelatin cross section at a 
ratio of 37:63 (d) (Meghri, Donius et al. 2010). 
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3.5.3. Mechanical Analysis 
In biomedical applications scaffolds are expected to perform their function in 
moist conditions.  While the moisture level can vary based on the specific application, 
understanding how a scaffold performs under moist conditions is important.  Scaffolds of 
chitosan, gelatin, and a combination of the two were investigated in a completely 
hydrated, or wet, state. 
Scaffolds were mechanically tested in compression with the same procedures 
discussed previously in §3.3.3.  Additionally, prior to wet testing samples were first 
neutralized in a bath of 0.4% sodium hydroxide in 95% ethanol solution for 15 minutes.  
Then the samples were rinsed in a bath of phosphate buffer saline (PBS) three times.  
After this the samples were left for one hour in a bath of PBS (pH = 7.4).  Samples were 
removed from this bath and tested immediately.  As expected, all mechanical properties 
in the wet state decreased with respect to their composition tested dry.  Neat gelatin 
samples exhibited higher stiffness and strength in compression than neat chitosan 
samples.  Likewise, with the increase in gelatin the sample’s stiffness and strength 
increased regardless of the freezing rates. The mechanical properties are shown in Figure 
3.14. 
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Figure 3.14. The modulus and strength for neat chitosan and gelatin, as well as 
combinations of the two tested wet (open markers) and dry (filled markers). 
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Here the properties are given for different freezing rates and marked according to their 
composition and testing condition.  Also important to note here is that while the 
porosities for each composition are very similar, they do vary slightly by composition.  
Gelatin samples had the lowest porosities with 95.3±0.2%, whereas chitosan samples had 
the highest porosities with 96.9±0.1%.  The chitosan-gelatin combination at 63:37 wt% 
had porosities of 96.6±0.2%, while the combination at 37:63 wt% had porosities of 
95.6±0.1%. 
 
3.5.4. Examining Gelatin Composition with Varying Freezing Rates 
While chitosan was shown to exhibit a change in lamellar spacing with freezing 
rate in §3.3, those effects on the chitosan-gelatin composition were also investigated to 
determine how a slight alteration in composition can affect the structure.  The 63:37 wt% 
ratio was chosen as it had a better overall macroscopic structure; the scaffolds produced 
retained the molded cylindrical shape better than other compositions containing gelatin.  
Neat gelatin scaffolds on the other hand exhibited an hour glass shape, with increased 
shrinkage in the center of the cork-like samples, which was not desirable.   
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Figure 3.15. Lamellar spacing at freezing rates from 0.1°C/min, 1°C/min, 3°C/min, 
6°C/min, and 10°C/min for 63:37 wt% chitosan-gelatin.  The lamellar spacing decreases 
with increasing rate, with a small deviation at 1°C/min.  
 
 
 
Interestingly, the 63:37 wt% chitosan-gelatin, shown in Figure 3.15, has smaller 
lamellar spacing and pores with a smaller aspect ratio than those of chitosan at the same 
freezing rate.  In the investigation of the mechanical performance of the 63:37 wt% ratio 
of chitosan-gelatin at different freezing rates, competing influences are apparent, see 
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Figure 3.16.  Recalling that the solute concentration decreases with increasing freezing 
rate, as described in §2.5, it is again educed that a chitosan-gelatin cell wall created with 
a faster rate will contain more porosity (from increased ice content) as a dry structure 
than a slowly frozen scaffold.  Thus, in the same way that some discontinuity existed in 
chitosan scaffolds because of this factor, again it is seen here; most dramatically for the 
very slow rate of 0.1°C/min, which achieved the highest modulus and strength despite 
having the largest lamellar spacing. This combination of chitosan-gelatin also contains an 
anomaly, where the 6°C/min rate has a lower mechanical performance than would be 
expected based on the freezing rate.  This is thought to result from the described 
conflicting factors.  At 6°C/min it is again hypothesized that the faster rate, and therefore 
higher wall porosity, is negatively affecting the mechanical performance more than the  
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Figure 3.16. The Young’s moduli and yield strengths for five different freezing rates of 
63:37 wt% chitosan-gelatin. 
 
 
 
decrease in lamellar spacing can adequately strengthen it.  On the contrary, the 10°C/min 
has a small enough lamellar spacing to surpass this challenge, even though the included 
nanoporosity is assumed to be the largest in all investigated samples of this composition.  
Additionally, the 3°C/min rate has less porosity in the walls and therefore performs better 
despite slightly larger pores.   
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 Effects of Crosslinking with Genipin 3.6.
Crosslinking, or forming covalent or ionic bonds to link polymer chains together, 
is an important part of polymer-based materials science.  Through crosslinking, the 
mechanical properties and stability against dissolution of a polymer can be altered.  
Crosslinking is a versatile process and can be carried out with various reagents on both 
synthetic and natural polymers.  
Genipin, a natural crystalline crosslinker is derived from the plant and fruit of 
Gardenia jasminoides Ellis (Muzzarelli, Muzzarelli et al. 2005, Liu, Yao et al. 2008).  
Genipin is isolated from the plant after a hydrolysis process (Xu, Sun et al. 2008).  The 
water soluble genipin has been shown to spontaneously crosslink functional amine 
groups present in biopolymers, such as chitosan, resulting in a bluish pigment (Touyama, 
Inoue et al. 1994, Muzzarelli 2009).  The crosslinking mechanisms of chitosan with 
genipin vary with different pHs.  In neutral or acidic conditions, this mechanism is the 
opening of the dihydropyran ring of the genipin molecule by the nucleophilic attack of 
chitosan amines on the olefinic carbon atom at C-3 of deoxyloganin aglycon.  In basic 
conditions, crosslinking occurs when the genipin terminal aldehyde groups undergo a 
Schiff-base reaction with the chitosan amino groups (Touyama, Inoue et al. 1994, Mi, 
Shyu et al. 2005, Muzzarelli 2009).  While in both cases crosslinking occurs, the type of 
crosslinking varies significantly since short crosslinking bridges are formed at low to 
neutral pHs, while long crosslinking bridges are formed at basic pHs (Touyama, Inoue et 
al. 1994, Mi, Shyu et al. 2005).  Furthermore, since the manner and extent in which 
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crosslinking occurs is different at varying pHs, it has been observed that at a pH of 5, the 
chitosan was crosslinked 39.9 ± 3.8%, at a pH of 7.4  it crosslinked 96.0 ± 1.9%,  and at a 
pH of 13.6 chitosan crosslinked 1.4 ± 1.0% (Mi, Shyu et al. 2005).  Figure 3.17 shows 
genipin crosslinking chitosan. 
 
 
 
 
Figure 3.17. Genipin crosslinking chitosan (Muzzarelli 2009). 
 
 
 
Crosslinking chitosan films, hydrogels, and fiber mats with genipin increases the 
stability (Mi, Shyu et al. 2005).  While other crosslinking reagents for chitosan exist, such 
as gluteraldehyde, tripolyphosphate, ethylene glycol, diglycidyl ether, diisocyanate, and 
epoxides (Jameela and Jayakrishnan 1995, Welsh, Schauer et al. 2002, Chiou and Li 
2003, Welsh, Schauer et al. 2004, Subramanian and Lin 2005, Schiffman and Schauer 
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2007), the cytotoxicity for these is much higher than genipin.  Thus, to capitalize on the 
enhanced properties of crosslinked chitosan in the biomedical field, it is desirable to use a 
crosslinking reagent that has a low cytotoxicity. Genipin in fact has been shown to be 
more than 5000 times less cytotoxic than another commonly used crosslinking agent, 
glutaraldehyde, making genipin much more attractive for potential biomedical 
applications (Huang, Sung et al. 1998, Sung, Huang et al. 1998, Sung, Huang et al. 1999, 
Sung, Liang et al. 2001, Muzzarelli 2009). 
 
3.6.1. Crosslinker Concentration 
The concentration of a crosslinker, specifically genipin, controls the degree to 
which a polymer is crosslinked.  For chitosan, it was reported that at 0.025 wt% genipin 
chitosan is fully crosslinked (Liu, Yao et al. 2008).  However, at such a concentration 
experimental work of this study did not support full crosslinking and thus varying 
concentrations of 0.01 wt%, 0.1 wt%, and 1 wt% were investigated in an effort to achieve 
the optimal crosslinking.   
 
3.6.2. Crosslinking Procedures 
In the multistep crosslinking procedure, a chitosan scaffold was fabricated from a 
solution of 1.9 vol% chitosan in 1 vol% acetic acid combined with ethanol at a ratio of 
91% chitosan solution to 9% ethanol.  This was then frozen according to the freeze 
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casting procedures described in §3.3.1.  The produced chitosan scaffolds were lyophilized 
and then sectioned into three layers of four 5 × 5 × 5 mm cubes.  To limit sample to 
sample differences, one cube from each layer was set aside to be crosslinked at 0.01 wt%, 
0.1 wt%, 1 wt% genipin, or without crosslinking to serve as the control.  
The samples were first placed into a bath for 15 min to allow for the 
neutralization of any residual acetic acid remaining in the dried chitosan scaffold.  This 
bath consisted of 0.4 wt% sodium hydroxide solution in 95% ethanol.  Following the 
neutralization, the samples were rinsed with phosphate buffer saline (PBS), which has a 
pH of 7.4.  The rinsed samples were then placed into the appropriate prepared bath of 
genipin in PBS (0.01 wt%, 0.1 wt%, or 1 wt% genipin) or in PBS without genipin (the 
control) and left for 30 min.   Immediately after this crosslinking step, the samples were 
removed and rinsed three times before being bathed in a 10 vol% glycine solution. Two 
thirds of the samples were subsequently dehydrated through an ethanol series of 70%, 
80%, 95%, and finishing with 100% ethanol.  The remaining samples were never dried 
and left in doubly distilled water until testing. 
 
3.6.3. Structural Analysis 
Genipin, which interacts differently with chitosan at different pHs, varies in color 
at different pHs.  In acidic conditions it becomes a reddish brown, while at neutral to 
basic conditions it is blue-green.  It was observed that the genipin concentration can also 
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influence the color saturation.  Figure 3.18 shows that chitosan samples crosslinked in a 
genipin-PBS bath containing a higher concentration of genipin resulted in increased color 
saturation, or a darker color.  At the pH of 7.4 this color was blue-green.  The control 
sample, which was bathed solely in PBS remained the off-white yellow color. 
 
 
 
 
 
 
With increasing genipin concentration, the chitosan structures were more resistant 
to the change in moisture content.  Neat chitosan samples swell in the wet state.  
Crosslinking with genipin was able to reduce this, as well as reduce the shrinkage that 
usually occurs when a fully saturated sample is dried. 
Figure 3.18. Chitosan scaffolds crosslinked with genipin at 1%(w/v), 0.1%(w/v), 
0.01%(w/v), and without (as a control).  Increased genipin concentration led to increased 
color saturation. 
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3.6.4. Mechanical Analysis 
The mechanical performance of chitosan samples crosslinked with genipin 
increased with the increasing concentration of genipin.  This is shown in Figure 3.19.  
These samples, which were never dried after being bathed in a genipin containing bath, 
showed that the 1% genipin did have a positive influence on the mechanical performance; 
those baths of 0.01% and 0.1% had a limited effect.  
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Figure 3.19. Mechanical performance of chitosan treated with different concentrations of 
genipin, kept wet after crosslinking, and tested wet. 
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The mechanical performance of the samples prepared in the same multistep way, 
but dried through the dehydration steps, was analyzed under both wet and dry conditions.  
For wet testing, samples were rehydrated in a PBS bath.  Those samples that were tested 
dry resulted in properties that were similar regardless of the crosslinking, shown in Figure 
3.19.  On the other hand, samples tested wet, again showed that while little difference 
exists between the control and the lowest two concentrations, the 1 w/v% genipin bath 
increased both the modulus and strength.  
 
 
 
 
Figure 3.20. Young’s modulus and yield strength treated in different genipin bath 
concentrations and dried through an ethanol dehydration process.  Samples were then 
tested dry or in their rehydrated state. 
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 Other Crosslinkers 3.7.
While the crosslinker genipin was the desired one for freeze-cast scaffolds based on 
the achieved mechanical properties and low cytotoxicity, other crosslinkers exist for 
chitosan (Touyama, Inoue et al. 1994, Touyama, Takeda et al. 1994, Mi, Sung et al. 2000, 
Mi, Tan et al. 2001).  Glutaraldehyde (GA) is the most common crosslinker for chitosan, 
but the crosslinkers epichlorohydrin (ECH) and hexamethylene-1,6-
diaminocaboxysulfonate (HDACS) can also be used (Jameela and Jayakrishnan 1995, 
Wan Ngah, Endud et al. 2002, Welsh, Schauer et al. 2002, Chiou and Li 2003, Schauer, 
Chen et al. 2004, Welsh, Schauer et al. 2004, Schiffman and Schauer 2007, Schiffman 
and Schauer 2008, Austero, Donius et al. 2012, Donius, Austero et al. 2013).  As many of 
the possible applications for biopolymers, such as filtration membranes or tissue 
scaffolds, require good chemical stability combined with sufficient mechanical 
properties, such as stiffness, strength, and toughness to survive the wet and often 
aggressive chemical conditions under which they need to function, crosslinking can be 
essential. 
To investigate this, electrospun chitosan mats were prepared in a collaborative 
project with Dr. Caroline Schauer (Austero, Donius et al. 2012, Donius, Austero et al. 
2013).  The results of structural and mechanical characterization showed that a 
considerable range in the chitosan mat properties can be achieved with the different 
crosslinking agents of genipin, GA, ECH, and HDACS, as well as post-electrospinning 
heat and base treatments. The results also revealed interesting correlations between mat 
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structure and mechanical properties.  Overall, the structure and properties were affected 
by the type of crosslinker, which crosslink by different mechanisms, as shown by 
(Austero, Donius et al. 2012). Additionally, while some required the additional post-
processing treatments, others did not. ECH, which resulted in the lowest values of 
stiffness and strength, crosslinks with chitosan through the amines or through the 
hydroxyl functional groups, depending on the reaction temperature (Zheng, Du et al. 
2000). HDACS, which resulted in intermediate property values, crosslinks chitosan 
through the formation of urea linkages under both heat and base treatments. Genipin 
resulted in properties similar to those of the as-spun chitosan, indicating that it is not 
crosslinking the chitosan under these highly acidic conditions (TFA), but rather 
modifying it by forming intermediates. 
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Figure 3.21. Plotting tensile strength against Young’s modulus demonstrates the range of 
properties (a). Tensile strength plotted against the fiber diameter (b). Work to failure 
plotted against failure strain (c). Young’s modulus plotted against the fiber diameter (d). 
Square markers denote at least three mats tested. The inner fill color refers to the 
composition, while the outline color indicates the post treatment, or the lack thereof. 
Black outline denotes no post treatment, orange denotes heat treatment of 60°C, red 
denotes heat treatment of 120°C, and green denotes base treatment. Bubbles group all the 
tested samples for a given composition and treatment.(Donius, Austero et al. 2013) 
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The picture that emerges from the results of the structural and mechanical 
characterization is that the properties of electrospun mats made from chitosan can be 
controlled through the choice of crosslinker and post-electrospinning treatment. The 
different crosslinkers and treatments strongly affect the fiber diameter and through it the 
mat porosity and number of fiber-fiber contact points.  
Chitosan electrospun pure and with the crosslinkers genipin, epichlorohydrin 
(ECH), hexamethylene-1,6-diaminocaboxysulfonate (HDACS), and glutaraldehyde (GA) 
as well as with and without heat and base treatments, resulted in a library of fiber mats 
with Young’s moduli of 52-592 MPa, tensile strengths of 2-30 MPa, failure strains of 2-
31%, and work to failure values of 0.041-3.26 MJ/m3. Without post treatment, 
crosslinkers besides genipin all lead to a decrease in both the Young’s modulus and 
tensile strength. Genipin under the same conditions results in a modulus and tensile 
strength similar to that as-spun CS.  
For mats with post treatment, both heat (at 60°C and 120°C) and base, the Young’s 
modulus and tensile strength increased in comparison to the untreated samples of the 
same composition.  This leads to the possibility that the careful choice of crosslinker, 
thermal, and base treatment could be utilized to custom-design the chemical stability and 
mechanical properties of freeze-cast chitosan scaffolds for a given application. 
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Conclusion 3.8.
Processing, composition, structure, and performance were evaluated in this chapter 
through the use of different applied freezing rates and the biopolymers chitosan and 
gelatin.  Neat chitosan scaffolds freeze-cast at the applied rates of 1°C/min, 3°C/min, 
6°C/min, and 10°C/min resulted in decreased lamellar spacing, or pore size, from 
97.1±3.8 µm down to 42.0±2.0 µm with increasing freezing front velocities.  These 
applied rates of 1°C/min, 6°C/min, and 10°C/min were found to be very similar to those 
of the pure water system, with freezing front velocities of 6.4 µm/sec, 16.9 µm/sec, and 
24.0 µm/sec; local cooling rates of 0.8°C/min to 0.4°C/min, 4.5°C/min to 1.2°C/min, 
7.8°C/min to 1.6°C/min; local temperature gradients 1.8°C/mm  to 1.3°C/mm, 3.0°C/mm 
to 1.9°C/mm, and 3.5°C/mm to 2.0°C/mm.   
With increasing freezing front velocity the Young’s modulus increased from 
0.44±0.19 MPa to 1.15±0.19 MPa, with the exception that scaffolds freeze-cast at the 
applied rate of 10°C/min had a slightly lower modulus than the scaffolds at a rate of 
6°C/min.  The yield strength showed the same trend; it increased with increasing freezing 
front velocity.  The same discrepancy as observed for the modulus was also observed 
here with a yield strength of 33.3±9.8 kPa at the applied rate of 6°C/min and 
55.6±8.6 kPa when freeze cast at 10°C/min rates.   
In neat gelatin and combinations of chitosan and gelatin, pores were smaller and more 
tubular, realizing a more honeycomb-like structure than chitosan at the same applied 
freezing rates.  This structure, combined with the compositional change of the wall, 
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resulted in neat gelatin and chitosan-gelatin combinations with higher Young’s moduli 
and yield strengths.  For 63:47 wt% chitosan-gelatin, the pore size decreased from 
74.8±3.4 µm to 25.6±1.0 µm with increasing freezing front velocity for the applied 
freezing rates of 0.1°C/min, 1°C/min, 3°C/min, 6°C/min, and 10°C/min, with 1°C/min 
(λ= 41.4±1.6 µm) just slightly smaller than pores of the 3°C/min scaffolds (λ= 
43.2±1.6 µm).   
The negative influence of moisture on the mechanical performance of chitosan 
scaffolds, which may need to exhibit particular properties in the wet state, resulted in the 
use of the crosslnker genipin.  Bathe the specimens in a 1 w/v% genipin in PBS solution 
led to an 88% increase in the Young’s modulus and 106% increase in the yield strength, 
in the wet state.  Though this effect was only observed for scaffolds that were wet and 
remained hydrated. 
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CHAPTER 4. FIBER REINFORCEMENT 
 
 Introduction 4.1.
This chapter addresses the reinforcement of freeze-cast scaffolds through the use of 
fibers, in particular cellulose nanofibers, as well as mineral particles, namely sodium 
montmorillonite nanoclay (MTM) and hydroxyapatite (HAp) (Research Aim V).  As 
observed in natural materials like wood, nacre or antler, such fiber or particle 
enforcement facilitates the achievement of enhanced stiffness, strength and toughness.  
While the macrostructure of the porous scaffolds is evaluated with optical microscopy 
and X-ray tomography, additional focus is placed on the microstructure of the wall and 
its composition.  The influences of these two aspects of the hierarchical structure are 
evaluated through mechanical testing to quantify the improvement caused by the 
reinforcing inclusions. 
 
 Fiber Reinforcement 4.2.
Fiber reinforcements have become popular with glass and carbon fiber 
composites.  However, natural fibers have been shown to compare favorably to glass 
fiber composites, especially when considering specific densities.  This suggests that 
natural fiber composites have the potential to create strong fiber reinforced composites 
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(Wambua, Ivens et al. 2003).  Not only are natural fibers half as dense, lower cost, 
renewable, recyclable, biodegradable, carbon neutral, and nonabrasive to machines with 
little to no health risks when inhaled, but they also exhibit excellent mechanical 
properties.  While suffering from poor wettability, incompatibility with some polymers, 
high moisture absorption by the fibers, and at times poor fiber-matrix adhesion, these 
aspects can be improved upon. Additionally, these disadvantages are not specific to 
natural fibers, and synthetic fibers can also suffer from such issues.  
 
Nanocellulose 4.3.
Cellulose is the main component, which provides stiffness, strength, and toughness to 
plant structures.  Cellulose, a biopolymer of β(1→4) linked D-glucose, is the most widely 
available polysaccharide, renewable, inexpensive, and biodegradable (Mathew, 
Chakraborty et al. 2006).  While cellulose has been successfully used for thousands of 
years in materials, such as forest products, textiles, and paper, to compete with high 
performance materials and today’s technology, it is important to utilize the nanoscale 
element of cellulose, to reduce the number and probability of defects (Moon, Martini et 
al. 2011).  Cellulose is found in the cell walls of plants as fibers with diameters ranging in  
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Figure 4.1. Schematic of wood and cellulose.  Fibers composed of cellulose can then be 
broken down into fibrils composed of crystalline regions (Zimmermann, Pöhler et al. 
2004).  
 
 
 
the micrometers.  These fibers that may run several millimeters in length make up around 
45 percent of the plant cell wall, depending on the species (Sjöström 1993).  Each of 
these fibers can be further broken down into fibrils of 3-4 nm in diameter (Frey-Wyssling 
1968, Zimmermann, Bordeanu et al. 2010).  See the schematic shown in Figure 4.1.  
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Amorphous regions link together crystalline regions in the fibrils, which are composed of 
β (1→4) linked D-glucan units with the molecular chains orientated in the fiber direction 
(see Figure 4.2).  This microstructure gives cellulose its excellent mechanical properties, 
with high stiffness and strength resulting from the crystalline regions and intra-chain 
hydrogen bonding, and high toughness resulting from the amorphous regions (Sakurada, 
Nukushina et al. 1962, Bledzki and Gassan 1999, Eichhorn and Davies 2006).  
 
 
 
 
Figure 4.2. Cellulose repeat unit with the 1→4 directionality and intra-chain hydrogen 
bonding (dotted lines) (a). Schematic of fibrils denoting amorphous and crystalline 
regions (b) (Moon, Martini et al. 2011). 
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Nanocellulose, or nanofibrilated cellulose (NFC) as it will be abbreviated here, is 
obtained from cellulose fibers that have been purified from plant pulp and broken down 
into fibrils.  NFC is a high surface per volume form of cellulose obtained through a 
mechanical fibrillation process, which unravels the cellulose fibers down to fibrils or 
fibril bundles of a few to a few tens of nanometers in diameter.  While several methods 
exist, including those utilizing grinders, cryocrushing, ultrasonic processors, 
homogenizers, and microfluidizers, the challenge is to apply the necessary high shear 
forces in order to extract the NFC with the least amount of damage to the crystalline 
cellulose regions (Dufresne, Cavaillé et al. 1997, Iwamoto, Nakagaito et al. 2007, 
Johnson, Zink-Sharp et al. 2009, Zimmermann, Bordeanu et al. 2010).  Additionally, the 
more uniform the NFC diameters, the better the mechanical performance of the NFC-
based material (Zimmermann, Bordeanu et al. 2010).  Two-dimensional, or sheet-like 
materials fabricated from neat NFC fibers have been shown to exhibit high modulus, 
strength, and toughness (Svagan, Samir et al. 2008).  NFC has also been shown to exhibit 
thermal stability up to 275 °C (Sehaqui, Salajkova et al. 2010).  The plant source from 
which cellulose is obtained has been shown to dictate the aspect ratios of the fibrils.  
However, studies showed that despite the different sources, such as wood, rice straw, 
potato tuber, bamboo, which demonstrate the difference in function from structural to 
nutrient storage, the Young’s modulus and tensile strength are very similar after 
undergoing the same fibrillation process (Abe and Yano 2009, Abe and Yano 2010).  
This suggests that NFC has inherent properties in its dry state and at the same 
crystallinity.  Therefore, while it is known that a plant has different uses and resulting 
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natural properties of NFC, these are thought to reflect the moisture content and 
crystallinity difference.  This is important because it means that a large variety of sources 
can be used, treated, and fibrillated in the same way to result in the same basic nanofiber 
building component. 
Initially, research focused on sheet-like materials such as nanopapers (Henriksson, 
Berglund et al. 2008).  However, a growing number of studies have been published on the 
manufacture of ultralow density NFC-foams, termed aerogels, which have promise for 
applications that range from tissue engineering to thermal insulation (Pääkkö, Vapaavuori 
et al. 2008, Svagan, Samir et al. 2008).  Traditionally, aerogels are made from silica or 
other gels and produced by supercritical drying (Kistler 1931, Kistler 1932, Fu, Zheng et 
al. 2003, Innerlohinger, Weber et al. 2006, Sehaqui, Zhou et al. 2011), yet these aerogels 
tend to be brittle.  However, tougher aerogels can be prepared by freeze-drying methods 
from aqueous solutions of natural materials (O'Brien, Harley et al. 2004, Pääkkö, 
Vapaavuori et al. 2008).  These ultralow density aerogels are largely foam-like with 
equiaxed pores, possessing an isotropic structure and performance.  An alternative way to 
manufacture aerogels is by freeze casting of aqueous solutions or suspensions.  This 
process, as described previously, results in honeycomb-like aerogels with highly aligned 
pores that exhibit an anisotropic structure and, as a result, anisotropic mechanical 
properties.  From a mechanical perspective, honeycombs outperform equiaxed foams, 
which is well described by the Gibson-Ashby scaling laws, as discussed in Chapter 1 
(Ashby 1983, Gibson and Ashby 1997, Ashby 2006).   
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Chitosan Reinforced with Nanocellulose 4.4.
4.4.1. Experimental Procedure 
Chitosan (CS)-Nanocellulose (NFC) freeze-cast scaffolds, or aerogels, were 
fabricated by preparation of 1.9 vol% CS solutions, as described in §3.3.1.  Suspensions 
of never-dried, NFC with 10-40 nm diameters and several micrometers in length were 
prepared from bleached sulfite softwood cellulose pulp by Dr. Lars Berglund’s group in 
collaboration (KTH, Stockholm, Sweden) as described by Henriksson et al. (Henriksson, 
Henriksson et al. 2007).  The degree of polymerization was estimated to be 480 based on 
the average intrinsic viscosity after homogenization.  The NFC suspension was 
concentrated to 1.9 vol% NFC in de-ionized water by slow evaporation over one week.  
The CS solution and NFC suspension were combined and mixed in a shear mixer 
(SpeedMixer, FlackTek, Landrum, SC) at 3500 rpm for 5 min to create a 50:50 volume 
ratio of CS:NFC.  Following this, the composition was filled into polytetrafluoroethylene 
(PTFE) molds, which were then placed upon the copper coldfingers of a freeze casting 
system, as described in chapter 3.  Samples were frozen at a rate of 10°C/min to a 
temperature of −150°C.  This temperature was then held constant until the entire sample 
had solidified.  Once completely frozen, the samples were unmolded and lyophilized for 
three days at a water trap temperature of −52 °C and a pressure of 0.021 mbar in a freeze-
drying system (FreeZone 4.5 Liter Benchtop System, Labconco, Kansas City, MO).  
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4.4.1.1. Structural Imaging 
Samples were sputter coated with a 5 nm thick platinum-palladium layer 
(Denton vacuum desk II sputtering system, Denton Vacuum, LLC, Moorestown, NJ, 
USA). Secondary electron micrographs were taken with a field emission scanning 
electron microscope (Zeiss Supra 50VP FESEM, Carl Zeiss, Inc., North America) 
operated at 6 kV and a working distance of 5-10 mm. 
Additionally, the structure was imaged with X-ray microcomputed 
tomography (µCT) on rectangular samples of 0.78 mm × 0.78 mm × 5 mm, cut with a 
diamond wire saw (Well Diamond Wire Saws, Inc., Norcross, GA). The 5 mm sample 
dimension was aligned parallel to the freezing direction, as well as to the axis of rotation 
for µCT. Radiographs were obtained with a high-resolution desktop µCT system 
(SkyScan 1172, SkyScan, Kontich, Belgium) at a voltage of 22 kV, a current of 139 µA, 
a pixel size of 0.7 µm, an exposure time of 10.013 s and a frame averaging of 5. The 
rotational step size was 0.25˚, which corresponds to 720 angles.  SkyScan software 
NRecon was used for tomographic reconstructions.  
 
4.4.1.2. Mechanical Testing 
Mechanical testing was carried out in compression on the lyophilized 
aerogels, which were cut into cubes of 5 mm edge length.  CS-NFC aerogels were tested 
parallel to the direction of solidification with a 50 N load cell (Instron 4442, Instron, 
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Norwood, MA).  All compression testing was carried out at a strain rate of 0.1 min-1.  The 
modulus was determined as the slope of the linear elastic region of the stress-strain curve.  
The yield strength was determined from the point of intersection between the tangent line 
to the elastic region and the tangent line of the plateau, or collapse region. 
 
4.4.2. Structural Analysis 
The structure achieved was highly porous, at 98.6%, and the porosity was aligned 
with the freezing direction.  The pore structure had a more rectangular structure 
compared to the elliptical pore shape of CS scaffolds.  This structure is shown in Figure 
4.3  The pore size for CS-NFC scaffolds was 33.4±0.7 µm, which is lower than that of 
neat CS (42.0±2.0 µm) at the same freezing rate (10°C/min).  The pH of CS was 4, NFC 
was 7, and CS-NFC was 5, which is stated here because of a possible correlation between 
structure and pH, which will be discussed in §4.5.2 and §4.6.2. 
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Figure 4.3. SEM showing the structure of CS-NFC (a).  X-ray microcomputed 
tomography cross section reconstruction (b). 
 
 
 
4.4.3. Mechanical Analysis 
The CS-NFC scaffolds achieved the highest Young’s modulus with 1.3±0.1 MPa, 
which was 64% higher than NFC neat and 15% higher than CS neat.  While CS-NFC also 
had a higher yield strength (32.0±3.0 kPa) than the NFC neat (13.1±0.9 kPa), it was 
slightly lower than the neat CS (52.3±6.3 kPa), as shown in Figure 4.4.  Compared with 
equiaxed foams of similar compositions, consisting of 40 wt% CS-60wt% NFC and 
50 wt% CS-50 wt% NFC, found in literature, freeze-cast CS-NFC performed 
significantly better.  Additionally, this was despite the fact that freeze-cast CS-NFC of 
this study had a porosity 98.6% compared to the equiaxed foams, which only had 
porosities of 94 to 95%.  
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Figure 4.4. Mechanical performance of freeze-cast neat CS (black), neat NFC (red), and a 
combination of the two (50 vol% CS- 50 vol% NFC) (black).  CS-NFC equiaxed foams 
from Nge et al. are shown as a comparison with open blue markers (Nge, Nogi et al. 
2010). 
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Nanoclay Reinforced with Nanocellulose 4.5.
Nanofibrillated cellulose (NFC) has attracted increasing research attention due to its 
potential to significantly toughen otherwise brittle materials.  Bio-inspired starch-NFC 
and clay-NFC composites with greatly enhanced mechanical properties have been 
fabricated, in which the polymer provides toughness while the mineral phase provides 
stiffness and strength (Alexandre and Dubois 2000, Tang, Kotov et al. 2003, Svagan, 
Samir et al. 2008).  It was further found that the addition of montmorillonite nanoclay 
(MTM) provided additional functionalities and considerably increased the fire-retardance 
and gas barrier properties (Liu, Walther et al. 2010). 
Investigated here are the structure and mechanical functions of directionally freeze-
cast anisotropic honeycomb-like, as well as isotropic foam-like hybrid aerogels made 
from NFC fibers and MTM nanoclay.  It is, to the best of our knowledge, the first side by 
side comparison of aerogels of identical nanocomposite pore wall composition with 
different architectures, which are determined by the respective manufacturing route.  
Furthermore, the addition of NFC substantially improves the properties of clay aerogels. 
Isotropic NFC aerogels were first made by Paakko et al, and can also be functionalized 
(Pääkkö, Vapaavuori et al. 2008, Kettunen, Silvennoinen et al. 2011).  Gawryla et al. 
pioneered the preparation of nanocellulose/clay aerogels (Gawryla, van den Berg et al. 
2009).  The following study differs in two main respects. Here, novel honeycomb 
structures are formed through a directional freeze-casting procedure. In addition, long 
and entangled NFC nanofibrils are used rather than rod-like whiskers. As a consequence, 
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the present materials have superior mechanical function, which is analyzed in detail and 
compared with isotropic aerogel structures. 
 
4.5.1. Experimental Procedure 
4.5.1.1. Materials 
To prepare nanocellulose (NFC)-nanoclay (MTM) slurries, sodium 
montmorillonite clay (Cloisite, Na+, Southern Clay Products, Gonzales, TX) with an 
average platelet size of 110 nm, a 1 nm thickness and a cation-exchange capacity of 
92  meq/100 g, as described by the manufacturer, was dispersed in de-ionized water to 
create a 1.0 wt% montmorillonite clay (MTM) suspension. Suspensions of NFC, as 
described in §4.4.1, were used.  The NFC suspension was diluted down to 0.4 wt% NFC 
in de-ionized water and stored at 4°C. The 1.0 wt% MTM suspension was stirred for one 
week at room temperature (23°C), while a 0.4 wt% NFC suspension was stirred 
separately for 24 h prior to use. 
 
4.5.1.2. Isotropic Aerogel Preparation and Manufacture 
For isotropic aerogel preparation by non-directional freezing and drying, the 
NFC-MTM co-suspension was homogenized for 30 min in an Ultra Turrax mixer (IKA, 
D125 Basic) at 10,000 rpm.  The water was then removed slowly from the mixture in a 
rotary evaporator at 80°C until the total mass was about 100 g. Aluminum cups with a 
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diameter of 78 mm were filled with the co-suspension to a typical height of 15 mm.  All 
the samples were pre-cooled at 4°C overnight before freezing in liquid nitrogen at −196 
°C.  The freezing process resulted in a phase separation of the co-suspension into ice-
crystals and a solid composite.  The ice phase was removed from the sample by 
sublimation for three days at a water trap temperature of −53 °C and a pressure of 
0.021 mbar in a freeze-drying system (FreeZone 6 liter benchtop system with bulk tray 
dryer, Labconco Kansas City, MO).  The final compositions and densities of the isotropic 
aerogels are listed in Table 4.1.  All isotropic aerogels exhibited a volumetric shrinkage 
of less than 5%.   
 
 
 
Table 4.1. Compositions of prepared aerogels 
 
 
 
 
 
 
 Units A B C 
Clay (MTM) wt% 3 3 3 
Nanocellulose (NFC) wt% 0.4 0.8 1.2 
Experimental density (isotropic) kg/m3 30 47 45 
Experimental density (anisotropic) kg/m3 31 33 37 
Calculated density  kg/m3 35 39 43 
Relative density   0.014 0.016 0.019
Porosity % 98.6 98.4 98.1 
Final Dry MTM wt% 88 79 71 
Final Dry NFC wt% 12 21 29 
Composite wall Young’s Modulus (Es) GPa 4.06 5.29 6.37 
Composite wall yield strength (σs) MPa 33.4 54.7 73.7 
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4.5.1.3. Anisotropic Aerogel Preparation and Manufacture 
For anisotropic aerogel preparation by directional freeze casting, co-
suspension compositions were used identical to those used for the fabrication of the 
isotropic NFC-MTM aerogels (Table 4.1).  To obtain these, co-suspensions were 
combined and mixed in a shear mixer (SpeedMixer, FlackTek, Landrum, SC) at 3500 
rpm for 10 min. Subsequently, the compositions were stirred in an 80°C water bath to 
achieve the respective compositions, and corresponding to final weights of 100 ± 0.003 g.  
For comparison, a 3 wt% MTM composition was also fabricated.  
Immediately prior to freeze casting, the NFC-MTM co-suspensions were 
mixed and degassed in a shear mixer at 3500 rpm for 3 min before being filled into PTFE 
molds and freeze cast, as described in chapter 3.  Samples were frozen at a rate of 
10°C/min to a temperature of −150°C and lyophilized for three days at a water trap 
temperature of −52 °C and a pressure of 0.021 mbar in a Labconco freeze-drying system.  
All anisotropic aerogels exhibited a volumetric shrinkage of less than 2%.   
 
4.5.1.4. Sedimentation 
When a slurry containing particles is freeze cast, the sedimentation of the 
particles during the time in which the sample is frozen needs to be considered.  Stokes’ 
law of sedimentation describes the sedimentation velocity, vs, as an expression of the 
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friction force, FF and the particle’s buoyancy force, FB.  These forces, which oppose the 
force due to gravity, FG, are shown in Figure 4.5.   
 
 
 
 
Figure 4.5. Forces acting on a dispersed particle. FF is a frictional drag force and FB is a 
buoyancy force.  These act against FG, a gravitational force, which is pushing the particle 
down. 
 
 
 
Given the three forces acting on the particle, the sedimentation velocity, vs, can be 
calculated as,  
 2)(
9
2 grv LPS 
   Equation 4.1
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where ρP is the density of the particle, ρL is the density of the liquid, µ is the viscosity of 
the liquid, g is the acceleration due to gravity, and r is the radius of the particle.  Larger 
particles lead to increased sedimentation, which can result in density gradients along the 
height of the sample.  With respect to the nanoclay platelets considered here, which have 
radii of 55 nm and a density of 2.86 g/cm3, and assuming a viscosity of 101.4 mP s, the 
sedimentation velocity is estimated to be 1.2110-9 m/s, or 0.44 µm per hour.  Since the 
samples were frozen at an applied freezing rate of 10°C/min, the entire sample is 
solidified in less than an hour.  Therefore, this amount of sedimentation is negligible. 
 
4.5.1.5. Structural characterization 
For the microstructural characterization of the isotropic aerogels, specimens 
were first fixed on a metal stub using carbon tape and then coated with a 5 nm double-
layer coating consisting of graphite and gold–palladium (Agar HR sputter coaters).   A 
Hitachi S-4800 field emission scanning electron microscope operated at 1 kV was used to 
capture secondary electron micrographs of the surface and cross sections of the aerogels. 
To image the anisotropic aerogels, samples were sputter coated with a 5 nm platinum-
palladium layer (Denton vacuum desk II sputtering system, Denton Vacuum, LLC, 
Moorestown, NJ, USA).  Secondary electron micrographs were taken with a field 
emission scanning electron microscope (Zeiss Supra 50VP FESEM, Carl Zeiss, Inc., 
North America) operated at 6 kV.  Additionally, the structure of the anisotropic aerogels 
was imaged with X-ray microcomputed tomography (µCT) prepared as described in 
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§4.4.1.1.  Radiographs were obtained at a voltage of 25 kV, a current of 139 µA, a pixel 
size of 0.7 µm, an exposure time of 5301 ms and a frame averaging of 5. The rotational 
step size was 0.10˚, which corresponds to 1800 angles.  SkyScan software NRecon was 
used for tomographic reconstructions. Avizo® Standard software package (VSG, 
Visualization Science Group, Inc., Burlington, MA, USA) was used to obtain volume 
renderings. 
 
4.5.1.6. Mechanical Testing 
For mechanical testing in compression, the lyophilized aerogels were cut into 
cubes of 10 mm edge length and conditioned for one day at 23°C and 50% relative 
humidity.  Testing of the isotropic aerogels was performed with a 500 N load cell (Instron 
Universal Materials Testing Machine 5566, Instron, Norwood, MA). The anisotropic 
aerogels were tested both parallel and perpendicular to the direction of solidification with 
a 50 N load cell (Instron 4442, Instron, Norwood, MA).  All compression testing was 
carried out at a strain rate of 0.1 min-1.  The Young’s modulus was determined as the 
slope of the initial linear elastic region of the stress-strain curve.  The yield strength was 
determined from the point of intersection between the tangent line to the elastic region 
and the tangent line of the plateau, or collapse region.  Toughness, the work to failure, 
was evaluated from the area under the stress-strain curve up to 60% strain.  A strain value 
of 60% was chosen to avoid the effect of densification, which strongly depends on the 
relative density and results in a steep incline of the stress-strain curve.  Further, this strain 
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was appropriate for comparison within our research group and with collaborators 
(Hunger, Donius et al. 2012, Donius, Liu et al. submitted).  Thus, for reasons of 
comparability and a correct characterization of the materials’ performance before 
densification, a strain of 60% was chosen as the upper limit. 
 
4.5.1.7. Energy Absorption 
Aerogels have the ability to absorb a lot of energy per unit volume.  However, the 
work to failure, or toughness, alone does not take into account when a material needs to 
start absorbing energy at a stress and deceleration, above which damage would be caused.  
A very elegant approach to assess this is through the use of energy absorption diagrams, 
which were first described by Matti et al. and later successfully applied to a variety of 
studies (Matti, Gibson et al. 1984, Gibson and Ashby 1997). 
Energy absorption diagrams are derived from the stress-strain curve for a given 
material.  The porous material’s toughness, W, is determined as the area under the stress-
strain curve, which therefore makes the plateau region very important in energy 
absorption.  This is then normalized by the pore wall solid modulus, Es, thus W/Es is 
plotted against the peak stress, p, normalized by the pore wall solid modulus, Es, thus p 
/Es.  Figure 4.6 shows the development of energy absorption diagrams.  Here, the plots 
show the respective normalized curves for values of W and p for strains from 0 to 60%, 
which are calculated from stress-strain curves at a given strain rate.  Initially, the curves 
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in the energy absorption diagram increase because W and p both increase linearly in the 
materials’ elastic region.  When the peak stress, p is reached, a shoulder on the curve is 
formed.  The tangent to the shoulder indicates the optimal loading condition of the porous 
material, shown in Figure 4.6d.  It reflects the maximum energy absorbed and the peak 
stress, which the material can provide.  
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Figure 4.6. The development of an energy absorption diagram. Example stress-strain 
curve (a). Determination of toughness, W, area under the curve (b). W plotted against the 
peak stress, σp (c). W and σp normalized by the solid modulus, Es (d). 
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Energy absorption diagrams aid in the comparison between varying densities and 
architectures of the same material, as well as different materials.  Using these diagrams, 
the density can be chosen that will absorb the greatest amount of energy without 
exceeding a critical stress.  This will be discussed in §4.5.6 and §4.5.7. 
 
4.5.2. Structural Analysis 
The structure of the honeycomb-like, or anisotropic aerogels, is shown in Figure 
4.7 with SEM micrographs of each composition.  The long pore axis, or the freezing 
direction, is shown in Figure 4.7a, for composition B, and Figure 4.7b, for composition C 
lying parallel to the red arrow shown.  The inset in figure 1a shows a close-up of the pore 
wall structure.  Figure 4.7c is a cross-sectional view of composition A.  Here the 
solidification direction is out of the page. The schematic shown in Figure 4.7d indicates 
the freezing direction (arrow) and the cross-sectional view.  The roughness shown in all 
micrographs is due to the abrasive cutting of the sample with a diamond wire saw, which 
in materials of high porosity and toughness leads to the tearing of the pore wall solid. 
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Figure 4.7. SEM micrographs of the obtained structure in anisotropic aerogels. a) 
Longitudinal section of composition C (freezing direction left-right), small inset of wall 
b) Longitudinal section of composition B (freezing direction left-right) c) Cross-section 
of composition A (freezing direction out of the page) d) Schematic of sample: arrow 
indicates freezing direction. 
 
 
 
The undisturbed structure of the material can be imaged by X-ray microcomputed 
tomography (CT).  Cross-sectional slices (Figure 4.8a,b,c) of the anisotropic aerogels 
show the pore geometry for all three compositions; black represents the pore walls, while 
white represents the pores between the walls.  The pore sizes were 20.1±0.5 µm, 
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20.0±0.6 µm, and 21.5±0.6 µm for compositions A, B, and C respectively.  Important to 
note is that, while the concentration of NFC increases, the structure remains unaltered.  
This is because freeze casting is a physical process and the ice phase, which templates the 
three compositions is the same in all.  Figure 4.8d shows a three-dimensional volume 
rendering of a representative sample (composition B).  The pores can be seen to align 
with the drawn arrow, which is the direction of solidification.  As a comparison between 
these compositions and neat MTM, the structure is shown in Figure 4.9.  Here, despite 
the same freezing rate and the same MTM content, the pore size decreases to 
16.3±0.4 µm.  Another point here is that the pH is increasing slightly from 8.5 for 
compositions A,B, and C, to 9 for MTM neat.  Transmission electron microscopy, 
revealed that the MTM nanoclay is well dispersed in the NFC-MTM walls.  
 
  151 
 
Figure 4.8. (a-c) Cross-sectional reconstructions of samples A, B, C obtained with X-ray 
microcomputed tomography. Scale bars are 100 µm (d) Three-dimensional volumetric 
rendering of representative sample (B). 
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Figure 4.9. MTM structure. 
 
 
 
The porosity, P, of the aerogels was calculated from the relative density of the 
material, as in Equation 1.6.  The values determined for the different compositions are 
given in Table 4.1. 
 
4.5.3. Mechanical Analysis 
Representative stress-strain curves for anisotropic aerogels tested both parallel 
and perpendicular to the freezing direction and isotropic aerogels are shown in Figure 
4.10.  The behavior of isotropic aerogels is shown with solid lines, while the behavior of 
the anisotropic aerogels are shown with dashed and dotted lines for out-of-plane (parallel) 
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and in-plane (perpendicular) testing, respectively.  The stress-strain curves of Figure 4.10 
and the property charts, plotting Young’s modulus, strength, and toughness versus 
density in Figure 4.11a, b, and c reveal that the Young’s modulus, yield strength, and 
toughness of aerogels increase with an increasing weight percentage of NFC for all 
architectures and loading directions.  The anisotropic aerogels tested in the direction 
parallel to the freezing direction were additionally compared to neat anisotropic MTM at 
the same 3 wt%.  Neat MTM had a Young’s modulus of 588.5±120.9 MPa and yield 
strength of 19.2±7.7 kPa, which was lower than the three compositions containing NFC 
at the same architecture and testing direction.   
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Figure 4.10. (a) Representative stress-strain curves for isotropic (solid lines), anisotropic 
tested parallel (dashed lines), and anisotropic tested perpendicular (dotted lines) aerogels. 
Color denotes compositions (Black “A”, red “B”, and blue “C”). 
 
 
  155 
 
Figure 4.11. Property charts for the mechanical performance of aerogels. (a) Young’s 
modulus plotted against the density. (b) Yield strength plotted against the density. (c) 
Yield strength plotted against Young’s modulus. (d) Toughness, or work to failure, 
plotted against the density.  Isotropic aerogels (open circle markers), anisotropic aerogels 
tested parallel to the freezing direction (square solid markers), and anisotropic aerogels 
tested perpendicular to it (diamond solid markers) are denoted by color to indicate 
composition (Black “A”, red “B”, and blue “C”). 
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4.5.4. Evaluation and Comparison of Mechanical Performance 
The property charts of Figure 4.11 enable the evaluation and comparison of 
performance in order to select the most suitable of the different aerogels for particular 
loading conditions and applications (Ashby 2005).  Figure 4.11a reveals that the freeze-
cast honeycomb-like aerogels loaded parallel to the strong freezing direction offer the 
highest stiffness per unit weight for a lightweight beam or a lightweight plate loaded in 
bending because they have the highest values for of E1/2/ (line of slope 2) and E1/3/ 
(line of slope 3), respectively. Figure 4.11b shows that they also offer the highest 
compressive strength per unit weight for a lightweight beam or a lightweight plate loaded 
in bending because they have the highest values for of 2/3/ (line of slope 1.5) and 1/2/ 
(line of slope 2), respectively.  From Figure 4.11c, a plot of compressive strength against 
Young’s modulus, we learn that the isotropic aerogel can deform to a higher elastic strain 
than the freeze-cast aerogel because it can reach a higher value of /E (line of slope 1).  
Additionally, the isotropic and the anisotropic aerogels loaded in the strong direction can 
absorb similar amounts of elastic energy per unit volume as indicated by similar values of 
2/E; they lie on the same line of slope 0.5.  Finally, Figure 4.11d, a plot of toughness 
(work to failure) versus density, indicates that the freeze-cast aerogel with the highest 
NFC content has the highest toughness per unit weight, which means that it absorbs, 
when compressed to 60% strain, the largest amount of energy of all aerogels in this study.  
Detailed mechanical properties are listed in Table 4.2 for easy comparison. 
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Table 4.2. Comparison between mechanical properties achieved with respect to 
composition and structure. 
Composition 
 
 
Structure 
 
 
Porosity[a]
 
 
[%] 
Young’s 
Modulus 
  
[kPa] 
Yield 
Strength  
 
[kPa] 
Toughness 
 
 
[kJ/m3] 
A 
Isotropic 98.8 25.8±5.9 -- 6.3±0.4 
Anisotropic  98.8 148.4±13.9 3.30±0.2 6.82±0.22 
Anisotropic  98.8 2133.0±88.3 32.3±1.6 22.9±0.63 
B 
Isotropic 98.0 160.5±25.1 12.5±1.1 18.2±1.1 
Anisotropic  98.6 397.3±34.5 6.90±0.4 11.8±0.19 
Anisotropic  98.6 2880.6±322.5 42.5±2.6 32.6±2.00 
C 
Isotropic 98.0 386.4±43.7 30.0±4.1 24.1±1.0 
Anisotropic  98.1 1110.3±109.4 18.0±1.5 22.3±0.06 
Anisotropic  98.1 3859.1±210.8 52.5±3.0 46.2±3.07 
[a] Porosity was calculated from the experimentally determined density.  
 
 
 
In summary, freeze-cast aerogels with honeycomb-like structure and anisotropic 
properties are the most efficient, meaning they have the highest stiffness, strength, and 
toughness per unit weight when tested parallel to the freezing direction.  When tested 
perpendicular to it, the anisotropic aerogels still exhibit higher Young’s moduli than the 
isotropic aerogels, but their yield strength is nearly 50% lower than these isotropic 
aerogels.   
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4.5.5. Estimation of Mechanical Properties according to the Gibson-Ashby 
Model 
Illustrated in Figure 4.10 and Figure 4.11 are the considerable differences in 
mechanical properties between the isotropic and anisotropic aerogels architectures, 
raising the question of how well the mechanical performance of these NFC-MTM 
composites can be estimated and assessed with the Gibson-Ashby model for cellular 
solids, based on their relative densities, composition, and architecture.  It is worth noting 
in this context that the materials presented here exhibit a substantially better mechanical 
performance than the cellulose whisker-clay aerogels reported by Gawryla et al. 
(Gawryla, van den Berg et al. 2009).  Most likely, the rod-like cellulose nanowhiskers are 
less efficient as a toughening organic phase than the long and entangled network forming 
NFC fibrils of this study.  
Initial attempts to correlate Young’s modulus and yield strength with the 
respective scaffolds’ relative density, did not yield convincing results.  The reason for 
this was that such a direct comparison neglected the differences in pore wall material 
properties Es and s for the different pore wall compositions.  However, the findings of a 
recent study by Liu et al. on structure-property correlations in NFC-MTM nanopapers  
prepared by a vacuum-filtration and drying process, enabled the estimation of solid pore 
wall properties for the compositions of this study (Liu, Walther et al. 2010).  Liu et al. 
found in their study that nanopaper properties scaled linearly with the NFC weight 
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percentage and were little affected by the presence of the MTM (Liu, Walther et al. 
2010).  The scaling laws that the authors established were 
 
 
GPa 2.43) )  wt.%NFC(0.136( sE  
Equation 4.2 
and 
 
MPa 4.94) )  wt.%NFC(2.37( s  
Equation 4.3
 
Extrapolating both Young’s modulus, Es, and strength, s, to 100 wt% NFC, the 
estimated properties are 16 GPa and 240 MPa, respectively.  These values are close to 
the experimentally determined 10 GPa and 200 MPa for the modulus and strength of 
NFC, respectively (Henriksson, Henriksson et al. 2007, Henriksson, Berglund et al. 
2008).  These values also suggest that the contribution of the MTM to the nanopaper’s 
modulus is greater than to its strength.  Assuming, as in the case of the nanopaper tested 
in tension, that the NFC dominates the mechanical behavior also of the pore wall material 
in the NFC-MTM aerogels and that the relative density of the aerogel is appropriately 
described by the cellulose volume fraction in the entire sample, the mechanical properties 
of the pore wall material in the honeycomb- and foam-like aerogels can be estimated.  
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Interpolating Liu et al.’s results, the pore wall modulus and strength of the 0.4 wt%, 
0.8 wt% and 1.2 wt% NFC pore walls were calculated to be 4.06 GPa, 5.29 GPa and 
6.37 GPa and 33.4 MPa, 54.7 MPa and 73.7 MPa, respectively (Table 4.2). 
If the porosity in the NFC-MTM composite that forms the pore walls solid is 
assumed to be negligible in comparison to the ice-templated porosity between the pore 
walls, then the relative densities of the respective aerogels can be calculated from the 
aerogels’ overall porosities.  Based on the known volume fraction of NFC in the pore 
wall material, it was further possible to calculate a purely NFC-based relative density for 
the aerogels, assuming as before in the case of the NFC-MTM nanopaper, that the 
nanoclay behaves, effectively, as a pore.   
Having, thus, established the pore wall solid modulus, Es, and yield strength, σs, 
for the different material compositions and the purely NFC-based relative densities for 
the different compositions and structures, the relative modulus and the relative strength of 
the aerogels could be plotted versus their relative density, respectively, in the charts of 
Figure 4.12a and b.  These plots allowed for comparison of the aerogel properties with 
the Gibson-Ashby model estimates.  Straight lines with a slope of 1 and 2 in Figure 4.12a 
give the highest modulus that honeycombs and foams, respectively, can reach according 
to the model; straight lines with slopes of 1 and 1.5 in Figure 4.12b delineate their highest 
strength, respectively.   
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Figure 4.12. (a) Relative modulus plotted against the purely NFC-based relative density 
for the aerogels. (b) Relative strength plotted against the purely NFC-based relative 
density for the aerogels. (c) Specific strength plotted against the specific modulus. (d) 
Energy-absorption diagrams for the compositions. 
 
 
 
Figure 4.12a and b reveal that the mechanical performance of the aerogels is 
excellent. The isotropic foam-like aerogels’ properties fall along the predicted lines with 
a slope of 2 in the case of the relative modulus (Figure 4.12a) and a slope of 1.5 in the 
case of relative strength (Figure 4.12b).  The anisotropic honeycomb-like aerogels fall 
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between the foam and honeycomb predictions; perpendicular to the freezing direction, 
honeycomb-like aerogels have relative properties very similar to those of the foam, 
parallel to this direction the values lie well above these, as expected.   
Intriguing is that the anisotropic aerogels tested in their strong direction, do not 
scale as predicted by the Gibson-Ashby model, but their relative modulus remains almost 
unchanged and the relative yield strength decreases with increasing NFC relative density.  
The question is why?  At this point we hypothesize that there are two main contributing 
factors to the mechanical performance: the overall structure and the constituents’ 
arrangement within the pore wall.  While the directional, honeycomb-like structure is 
enhancing the mechanical performance of the aerogels, the aligned arrangement of the 
constituents within the pore wall may in fact result in lower mechanical properties of the 
wall.  
 
4.5.6. Energy Absorption Diagrams 
As aforementioned, the aerogels absorb a significant amount of energy per unit 
volume.  This is a first indicator for the application as a potentially attractive packaging 
material.  Energy absorption diagrams described in §4.5.1.7, were used to illustrate the 
maximum energy absorbed and the peak stress, which these NFC-MTM materials can 
provide. Here, the energy absorption curves that result for the different aerogel 
compositions and structures are shown in Figure 4.12d, calculated from the strain rate of 
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0.1 min-1.  Comparing the different structures of composition A, in Figure 4.12d, to 
investigate which material will absorb the greatest amount of energy without exceeding a 
critical stress, it can be determined that at the same composition and density, the highest 
peak stress is obtained with the anisotropic aerogels tested parallel to the solidification 
direction.  Furthermore, since energy absorption diagrams combine porous material 
properties and the strain-rate variables, the optimum density can be selected for given 
applications.  Specifically, for an application such as packaging, the energy absorption 
diagram for a given material can be used to determine the optimum relative density, or 
the relative density at which the highest absorption is reached, and maximum energy 
absorption can be noted.  To illustrate how this is done, a case study is presented in the 
following section.  
 
4.5.7. Possible Applications of Freeze-Cast Aerogels:  A Case Study on 
Packaging Materials 
Having established that both the foam-like and honeycomb-like materials have 
excellent properties, the question arises whether a possible application of these efficient, 
renewable materials could be packaging and whether they could, for example, compete 
with the currently used expanded polystyrene foams (EPS).  To explore this, the 
packaging of a mini-fridge, weighing 21.8 kg with an outer dimension of 
0.47 m  0.45 m  0.495 m, was investigated   Assuming that the unit may experience a 
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maximum deceleration of 75g (Schueneman 2010) the maximum force its mass will exert 
is 
 
 
kN 16.35 m/s 750kg 8.21 2max  maF  
Equation 4.4
 
Because a higher force could compromise the freezer, this maximum force also limits the 
peak stress, which the unit can sustain and apply to the packaging material.  The 
maximum is reached when it lands on its side with the smallest area, multiplied by a 
safety factor of 1.5 here: 
 
 
  kN 5.51m 5.145.047.0
kN 6.351
2 p  
Equation 4.5
 
This is the maximum stress, which the best suited packaging material should exhibit at its 
shoulder, to ensure that optimum material is used, i.e. lowest density.  Of the two aerogel 
architectures and three compositions (shown in Figure 4.12d), composition B, with a 
solid modulus of 5.29 GPa, loaded in the parallel direction would be best suited for such 
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an application since p/Es= 9.74  10-6 and W/Es = 2.08  10-6.  Thus p = 51.5 kPa.  At 
this peak stress, it would absorb W = 11.0 kJ/m3.  The next question that arises is what 
material thickness would be required to support a package falling from a height of 1 m.  
At such a height, the energy to be absorbed would be 
 
 
J 218m 1m/s81.9kg 8.21 2   mghU  
Equation 4.6
 
Therefore, the required aerogel thickness, which would absorb this energy is 
 
 
m 092.0
m212.0kJ/m0.11
J 218
23  WA
Ut  
Equation 4.7
 
The resulting 0.092 m is realistic for a packaging material for a mini-fridge.  As 
can be determined from Figure 4.12d, lighter items that would result in a lower stress and 
thereby lower energy absorption per unit volume could utilize the NFC-MTM isotropic 
material or the anisotropic honeycomb-like material in the perpendicular direction.  In 
addition to packaging, this information can also be vital to assessing and designing other 
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materials that undergo impact conditions, such as those that have the sole purpose to 
protect an item or those that are integrated to mitigate impacts.  Furthermore, these NFC-
MTM composites at the same density and comparable mechanical properties have several 
advantages with respect to such packaging materials as EPS.  They do not embrittle at 
low temperatures, are made from a renewable resource that can easily be decomposed 
and, more importantly, the NFC-MTM aerogels have the added functionality of flame 
retardance and thermal stability, as the tests described below illustrate.  
 
4.5.8. Heat Endurance Tests 
To test thermal effects on the NFC-MTM aerogels, thermogravimetric analysis 
(TGA) of neat NFC aerogel, neat MTM aerogel, and an NFC-MTM composite aerogel 
(weight ratio of 50/50) in nitrogen and oxygen environments were performed by 
collaborators Dr. Lars Berglund and Dr. Andong Liu at KTH, in Stockholm, Sweden.  
Figure 4.13 reveals that the NFC-MTM aerogel “decomposes” in two stages.  From room 
temperature to about 300°C, the free water adsorbed physically to the MTM is removed.  
From 300°C to 800°C the water that is chemically bound to the MTM is lost and the NFC 
degrades thermally (Scheirs, Camino et al. 2001).  In contrast, for pure NFC aerogels, 
three stages are observed.  First the free water is removed during the heating from room 
temperature to 250°C.  This is followed by a rapid thermal degradation and thermal 
cracking from 250°C to 365°C and, finally, slow thermal degradation and carbonization 
between 365°C to 580°C.   
  167 
 
 
Figure 4.13. (a) TGA curves of NFC aerogel, MTM aerogel, and NFC-MTM aerogel, (b) 
Thermal degradation behavior of NFC-MTM aerogel, (c) DMA curve for the NFC-MTM 
aerogel (Donius, Liu et al. submitted). 
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Comparing the two curves, the benefit of the incorporation of MTM becomes 
clear as a significantly reduced NFC thermal degradation rate during the third stage.  
Figure 4.13b shows that the NFC-MTM aerogel preserves volume and shape to 
surprisingly high temperatures. The most dramatic shrinkage occurs only when the 
material is heated to 1000°C.  To test the effect of heat on the mechanical properties of 
the NFC-MTM aerogels, the storage modulus E’ was determined as a function of 
temperature for a 50/50 weight percent ratio NFC-MTM aerogel with a density of about 
60 kg/m3.  Figure 4.13c illustrates that this hybrid aerogel preserves the storage modulus 
well even at 300°C. The MTM component facilitates this behavior although NFC by 
itself is also thermally quite stable due to its high degree of molecular order, as well as 
strong intermolecular interaction. The presence of MTM slows down gas diffusion and 
during higher temperature degradation and sintering of individual clay platelets also 
contributes to shape preservation of the material. 
Gasification in inert gas is an effective way to transfer cellulose aerogels to 
carbon aerogels. Also, it can be used to study the thermal decomposition behavior. 
Collaborators Dr. Lars Berglund and Dr. Andong Liu at KTH, in Stockholm, Sweden, 
investigated NFC aerogels and NFC-MTM composite aerogel exposed to a uniform heat 
flux of 35 kW/m‐2 in an inert nitrogen atmosphere using a NIST gasification apparatus. 
The gasification apparatus was developed in order to study the solid phase decomposition 
of macroscopic material specimen in the absence of gas phase combustion processes.  As 
shown in Figure 4.14a, the volume of the pure NFC cellulose aerogel decreased 
substantially during the thermal decomposition, although the initial geometrical 
  169 
proportions were kept approximately the same.  In stark contrast to the pristine NFC 
aerogel, the shape and volume of the NFC-MMT aerogel hardly changed during the 
experiment (Figure 4.14b), which is also confirmed in Figure 4.13.  This suggests that the 
MTM platelets acted as a protective thermal barrier and as a reinforcement preventing 
shrinkage of the material.  The limited dimensional change in the early stages suggests 
that the MTM platelets fuse together in a sintering process to form a percolated network. 
The porous and three-dimensional structure is apparent in Figure 4.14c. 
 
 
 
 
Figure 4.14. Sample residues of the gasification experiments. (a) NFC aerogel, (b) NFC-
MTM aerogel (squares on the background are 2.5 cm wide). (c) SEM image of NFC-
MTM aerogel after gasification. Scale bar is 100 µm (Donius, Liu et al. submitted). 
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4.5.9. Discussion 
Isotropic and anisotropic aerogels of three different compositions of nanocellulose 
(NFC) with sodium montmorillonite nanoclay (MTM) were prepared.  Isotropic foam-
like aerogels were non-directionally solidified by immersing the co-suspension in liquid 
nitrogen and then freeze dried.  Anisotropic honeycomb-like aerogels, were directionally 
solidified in a process termed freeze casting.  The structure and properties of the two 
architectures were evaluated.  The freeze-cast, anisotropic honeycomb-like aerogels 
exhibited, in their strong direction parallel to the direction of solidification, significantly 
higher mechanical properties than the isotropic aerogels of the same composition.  
Young’s modulus, compressive strength, and toughness increased with increasing NFC 
content for both architectures.  The moduli ranged from 25.8 kPa to 386.4 kPa and from 
2.133 MPa to 3.859 MPa, for the isotropic and the anisotropic aerogel, respectively, the 
compressive yield strengths from 3.3 kPa to 18.0 kPa and from 32.3 kPa to 52.5 kPa, and 
the toughness from 6.3 kJ/m3 to 24.1 kJ/m3 and from 22.9 kJ/m3 to 46.2 kJ/m3, 
respectively.  These properties spanning multiple magnitudes and their control through 
composition, architecture and processing, make these materials versatile and promising 
for a large range of applications.  In comparison to silica based aerogels, as well as 
carbon and other cellulose aerogels, the aerogels produced here outperform all others 
with respect to modulus at their given low densities, see Figure 4.15.  With the highest 
values of  E1/3/ (line of slope 3) compared with other aerogels, Figure 4.15 demonstrates 
that the freeze-cast honeycomb-like aerogels loaded parallel to the strong freezing 
direction achieve the highest stiffness per unit weight for a lightweight plate loaded in 
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bending.  Using energy absorption plots it was illustrated, for example, that these 
renewable materials have potential as packaging materials.  Generally, they are suited not 
only for energy absorption, but also for applications such as in sandwich panels, in which 
high stiffness, strength, and toughness per unit weight is required.  Because nanocellulose 
is an organic polymer material, heat endurance tests were performed on the composites.  
They revealed that the inclusion of MTM increased the heat endurance and shape 
retention functions dramatically up to 800°C.  Additionally, mechanical properties were 
retained up to 300°C.  This is thought to be partly due to the presence of the MTM, an 
inorganic silicate clay and partly due to the high crystallinity of 70% and strong 
intra/inter molecular interactions in extended chain cellulose fibrils.  The present NFC-
MTM aerogels are moreover of great interest for further functionalization with, for 
instance, chemically or biologically active coatings.  
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Figure 4.15 Comparison between the isotropic and anisotropic aerogels of this study and 
previously reported aerogels.  Redrawn after Sehaqui et al. with permission (Sehaqui, 
Zhou et al. 2011). 
 
 
 
The promising results with NFC-MTM encouraged the expansion of this approach to 
a biodegradable tissue scaffold.  This study will be presented in the following section. 
 
 Chitosan reinforced with Nanocellulose and Hydroxyapatite 4.6.
Nature has proven that the inclusion of hydroxyapatite, a stiff and strong mineral, 
provides a polymer matrix with increased mechanical properties as in composite 
materials such as bone and teeth (Xu, Smith et al. 1998).  The same effect of particle 
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inclusion can furthermore be observed in antler and nacre, where calcium phosphate or 
calcium carbonate provides stiffness and strength (Zioupos, Currey et al. 1994, Espinosa, 
Rim et al. 2009).  Ceramic (mineral) particles act as reinforcements in a material since 
they include a much stronger and stiffer second phase in a matrix, which introduces the 
inherent properties of high strength and stiffness into the composite material.  Particle 
inclusion, like fiber inclusion, can also be initially predicted through the simple rule of 
mixtures as afore stated, as well as the more sophisticated Gao model (Gao, Ji et al. 
2004).  The ideal bone tissue scaffold for low to medium load bearing applications is one 
that combines biocompatibility, bioactivity and a suitable set of mechanical properties 
with the ease of handling for the surgeon.  The latter is critical.  Calcium phosphate-based 
bone substitute materials, particularly when they have the desired high porosity, 
frequently suffer from the fact that they are brittle and cannot easily be shaped in the 
operating theater.  Novel cellulose-reinforced hydroxyapatite scaffolds overcome these 
problems and provide a material, which achieve stiffness, strength, and toughness values 
that are to date unmatched at porosities of over 95%. 
 
4.6.1. Experimental Procedure 
4.6.1.1. Scaffold Preparation 
Nanocellulose (NFC) suspensions of 1.9 vol% were prepared as described in 
§4.4.1.  Low molecular weight chitosan (CS) at a concentration of 1.9 vol% was prepared 
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as described in chapter 3.  Hydroxyapatite particles (HAp) (Trans-Tech, MD, USA) with 
an average particle size of 2.3 µm were used as received and dispersed in the suspensions 
of NFC, CS, and CS-NFC. 
Three compositions of slurries were generated to create final dry volume 
percentages of 40% NFC with 60% HAp (NFC-HAp), 40% CS with 60% HAp (CS-
HAp), and 20% NC, 20% CS, with 60% HAp (CS-NFC-HAp). Each of these 
compositions were combined and mixed in a shear mixer (SpeedMixer, FlackTek, 
Landrum, SC) at 3500 rpm for 5 min.  The compositions were then filled into molds and 
again shear mixed to eliminate possible air bubbles.  The molds were subsequently placed 
on the copper coldfingers of a freeze caster and freeze cast at a rate of 10°C/min down to 
a temperature of -150°C, as described more fully in §3.3.1.  Lyophilized samples were 
structurally and mechanically analyzed. 
The sedimentation velocity of hydroxyapatite particles was calculated through 
the use of Equation 4.2.  The particles had radii of 1.15 µm and a density of 3.14 g/cm3, 
with a liquid viscosity of 101.4 mP s.  The sedimentation was estimated to be 6.0610-
8 m/s, or 0.22 mm per hour with these hydroxyapatite particles.  Since the solidification 
of these samples at the applied freezing rate of 10°C/min was less than one hour, 
sedimentation was neglected. 
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4.6.1.2. Structural Analysis Procedure 
The structure of the scaffolds was examined with a field emission scanning 
electron microscope (Zeiss Supra 50VP FESEM, Carl Zeiss, Inc., North America). For 
SEM, samples were sputter coated with platinum (5nm) using a Denton vacuum desk II 
sputtering system (Denton Vacuum, LLC, Moorestown, NJ, USA).  The structure of the 
scaffolds was further imaged with X-ray microcomputed tomography (µCT) prepared as 
described in §4.4.1.1.  Radiographs were obtained at a voltage of 22 kV, a current of 
139 µA, a pixel size of 0.7 µm, an exposure time of 10013 ms, and a frame averaging of 
5. The rotational step size was 0.25˚, which corresponds to 720 angles.  Tomographic 
reconstructions were created with SkyScan software NRecon. 
 
4.6.1.3. Mechanical Analysis 
For mechanical testing, the dried scaffolds were cut into cubes of 5 mm edge 
length with a diamond wire saw (Well Diamond Wire Saws, Inc., Norcross, GA). 
Mechanical testing was performed in compression on cubes parallel to the direction of 
solidification.  Tests were carried out at a strain rate of 0.01 sec-1 on an Instron 4442 
(Instron, Norwood, MA) equipped with a 50 N load cell. The modulus and yield strength 
were determined as described in §4.4.1.2. 
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4.6.2. Structural Effects 
The macrostructural difference between CS-HAp, CS-NFC-HAp, and NFC-HAp 
scaffolds was very apparent to the naked eye.  While CS-NFC-HAp and NFC-HAp 
scaffolds maintain the structure of the mold in which they were cast with minimal 
shrinkage after lyophilization (less than 2%), the CS-HAp scaffolds did not maintain this 
structure as well, as shown in Figure 4.16.  The overall structure of NFC-HAp samples 
looks identical to that of the CS-NFC-HAp.  CS-HAp scaffolds exhibited a 
macrostructure that undergoes some deformation in the drying step, much like that of 
neat CS, where the outer cork surface has striations.  This results from the structure of the 
scaffold and demonstrates that NFC-containing scaffolds have a higher structural 
stability. 
 
 
Figure 4.16. CS-HAp scaffolds show lower structural stability compared to CS-NFC-
HAp and NFC-HAp scaffolds. 
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SEM micrographs of CS-HAp, CS-NFC-HAp, and NFC-HAp scaffolds are 
shown in Figure 4.17. All scaffolds incorporate the HAp particles well into their polymer 
pore walls, although slight differences exist.  The damage shown is due to the preparation 
of the sample, which is very apparent for the scaffolds containing NFC.  This is because 
they are prone to tearing instead of being cleanly cut due to the toughness of the NFC 
fibers.  In these compositions it is seen that the CS with HAp possesses a wall that is 
much like an irregular brick-and-mortar structure; the wall is composed of HAp with CS 
both in between particles as well as coating the particles.  In CS-NFC-HAp composites, 
the wall seems to take on more of a film with embedded particles and thin coating 
instead.  However, in the NFC-HAp composites, the wall appears to be a thin film 
decorated with particles.  
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Figure 4.17. Microstructure of (a) CS-HAp, (b) CS-NFC-HAp, (c) NFC-HAp, and their 
respective walls. 
 
 
 
While lamellar spacing could not be obtained for NFC-HAp due to the roughness 
and the seemingly disordered structure from SEMs or µCT reconstructions, alignment in 
the freezing direction was clearly identified (see Figure 4.18).  For CS-HAp, the lamellar 
spacing was 30.7±0.9 µm, while for CS-NFC-HAp, this spacing was lower at 
19.5±0.3 µm.   
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Figure 4.18. Longitudinal view of NFC-HAp. Porosity is aligned with the freezing 
direction. 
 
 
 
Although the applied freezing rate of 10°C/min is the same for all compositions, 
the change in composition was found to have a small effect on the freezing front 
velocities (as determined according to §2.10.2).  With the freezing front velocity of 
20.2 µm/sec, CS-HAp had the lowest velocity of these three compositions.  NFC-HAp 
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had a freezing front velocity of 22.7 µm/sec, while CS-NFC-HAp had a velocity of 
23.6 µm/sec.  As in other compositions, the slowest freezing front velocity resulted in 
largest measurable pores.  Furthermore, again, the pHs of these compositions differed.  
NFC-HAp had the most basic, with a pH of 9, followed by CS-NFC-HAp at a pH of 8 
and CS-HAp at a pH of 7.  This additional example supports the finding that the more 
basic a solution or suspension, the smaller the pores. 
 
4.6.3. Mechanical Performance 
As shown in Figure 4.19, CS-HAp scaffolds achieved the highest Young’s 
modulus and yield strength at 7.08±1.06 MPa and 161.4±19.6 kPa, respectively.  NFC-
HAp scaffolds had much lower properties with a Young’s modulus of 0.34±0.05 MPa 
and yield strength of 9.8±1.6 kPa.  CS-NFC-HAp scaffolds performed between these two 
with a Young’s modulus of 4.84±0.31 MPa and yield strength of 102.0±7.5 kPa.   
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Figure 4.19. Young’s modulus and yield strength of CS-HAp, CS-NFC-HAp, and NFC-
HAp. 
 
 
 
However, there are characteristic differences in the stress-strain curves and therefore 
behavior, shown with representative curves in Figure 4.20.  Investigating the toughness, 
or area under the stress-strain curve up to 60% strain, CS-NFC-HAp scaffolds realized 
the highest toughness with a value of 106.0±3.9 kJ/m3.  The toughness of CS-HAp was 
68.8±8.6 kJ/m3 and NFC-HAp was lower still at 15.0±2.3 kJ/m3. 
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Figure 4.20. Representative stress-strain curves for CS-HAp, CS-NFC-HAp, and NFC-
HAp. 
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4.6.4. Discussion 
Nanocellulose and chitosan combined with hydroxyapatite (CS-NFC-HAp) 
scaffolds achieve Young’s modulus and yield strength that follow the rule of mixture as 
these values fall right between the properties achieved by the NFC-HAp and CS-HAp 
scaffolds.  However, the toughness determined for the CS-NFC-HAp scaffolds is 
greatest, outperforming both the CS-HAp and NFC-HAp scaffold compositions by 35% 
and 86% respectively.  Thus, the toughness behaves in a non-additive manner, allowing 
for the achievement of values far above the rule of mixture. Structural stability was also 
shown to increase with the addition of NFC in HAp scaffolds.   
Thus, the inclusion of NFC in Hap-containing scaffolds holds great potential for 
tissue engineering applications because the scaffolds are easy to shape by the surgeon, 
tough during loading, and nicely include HAp particles that promote cellular 
mineralization. 
 
 Conclusion 4.7.
The wall material of porous freeze-cast materials was reinforced with both 
nanocellulose (NFC) and the minerals sodium montmorillonite nanoclay (MTM) or 
hydroxyapatite (HAp) to improve the mechanical performance.  The inclusion of NFC 
proved to be most beneficial for increased toughness, while the inclusion of HAp had the 
greatest improvement on the stiffness and strength.  At these particular concentrations, 
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NFC-MTM scaffolds had properties below those containing HAp, with a Young’s 
modulus of 3.9±0.2 MPa, yield strength of 52.5±3.0 kPa, and toughness of 
46.2±3.07 kJ/m3, in their strong direction, which were significantly higher than equiaxed 
foams of the same composition.  The stiffness and strength of CS-NFC scaffolds 
significantly increased with the inclusion of HAp; Young’s modulus increased by a factor 
of 3.69 (from 1.3±0.1 MPa to 4.8±0.3 MPa) and the yield strength increased by a factor 
of nearly 3.2 (from 32.0±3.0 kPa to 102.0±7.5 kPa).  However, the CS-NFC-HAp were 
not as stiff or as strong as CS-HAp scaffolds.  The true advantage of CS-NFC-HAp 
scaffolds is their toughness, which was increased by 54% with the inclusion of NFC. 
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CHAPTER 5. MATERIALS FOR TISSUE ENGINEERING 
 
Introduction 5.1.
This chapter utilizes aspects of the work presented in the previous chapters to 
create a hybrid biomaterial for bone tissue engineering, with a unique core-shell 
macrostructure (Research Aim VI).  The strategy is to improve biomaterials, here tissue 
scaffolds, by combining a biopolymer and a bioceramic, and through the use of a 
processing technique that allows for careful, independent control of the structure (overall 
porosity, pore size) and mechanical properties (stiffness, strength).  Thus, scaffolds can 
be made that combine different architectures and materials within one engineered tissue 
scaffold to simultaneously fulfill multiple design and function requirements.  
 
 Materials in Tissue Engineering 5.2.
The use of scaffold fabrication and replacement for bone and soft tissue 
regeneration is thought to be one of the most promising approaches in the area of 
orthopedics because of the ability to use a selection of materials that satisfy the chemical, 
biological and structural needs, while eliminating issues of availability and donor 
compatibility (Naughton, Tolbert et al. 1995, Patrick, Mikos et al. 1998).  Through the 
use of a prepared scaffold seeded with the appropriate cells, the necessary structural 
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support can be provided and the architecture of the tissue can be constructed or 
remodeled around this by the cells. 
Many contemporary tissue replacements are made from monolithic materials and 
have various inherent shortcomings: mismatch in mechanical properties (stress 
shielding), structure (lack of porosity), and chemistry (illicit an immune response or 
inflammation, no bioresorption).  Researchers aim to avoid these issues through the 
selection of biodegradable and bioresorbable polymers with included bioceramics.  These 
include natural polymers like collagen, bioceramics like hydroxyapatite (HAp), as well as 
synthetic polymers like polylactic acid (PLA), polyglycolic acid (PGA), and 
polycaprolactone (PCL) (Vert, Li et al. 1992, Agrawal, Athanasiou et al. 1997, 
Chaignaud, Langer et al. 1997, Hutmacher 2000, Yang, Leong et al. 2002, Wei and Ma 
2004, Woodfield, Malda et al. 2004, Izal, Aranda et al. 2012).  Several methods exist to 
make porous materials, as described in Chapter 1, with the most common method for 
three-dimensional tissue scaffolds being a variation of solid free form fabrication 
(Agrawal, Parr et al. 2000, Taboas, Maddox et al. 2003, Hollister, Taboas et al. 2004, 
Rezwan, Chen et al. 2006, Jeong, Zhang et al. 2011).  However, most of these scaffolds 
only provide porosity, but not the necessary alignment or mechanical performance.  
Scaffolds, which similar to natural bone, attain an aligned and porous architecture of 
radially varying density and structure, have been very difficult to fabricate.  Those 
scaffolds that show the most promise in bone tissue engineering are often produced 
through highly complicated processing techniques, such as that of Zhang et al., which 
utilizes a wet phase inversion technique to separately fabricate and assemble 
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nanohydroxyapatite and poly(DL-lactide-co-glycolide) composite hollow fibers, as 
shown in Figure 5.1 (Zhang, Nichols et al. 2007). 
 
 
 
 
Figure 5.1. Example of an aligned porous material produced through a wet phase 
inversion process.  Schematic drawings are shown in A and C.  B shows an example of 
this hollow fiber membrane.  Reproduced from reference (Zhang, Nichols et al. 2007). 
 
 
 
In this context Hollister raised the question, “How should multiple materials be 
interfaced to generate tissue interfaces?” (Hollister 2005).  This has to be answered 
through the choice of materials and processing techniques, as well as possible post-
processing treatments.  In this study, the effort was made to fabricate such highly porous 
tissue scaffolds including multiple materials with tunable mechanical, structural, and 
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chemical performance.  These scaffolds aim to mimic the structure of bone, shown 
schematically in Figure 5.2.  Bone is a complex material composed of six hierarchical 
levels.  A simplified description of these levels begins with collagen and embedded 
hydroxyapatite fibrils, bundled into fibers, which construct lamellae.  These lamellae are 
concentric around Haversian canals that are arranged in osteons (in the case of cortical 
bone), which finally complete the hierarchical structure of bone (Rho, Kuhn-Spearing et 
al. 1998).  Cortical bone is very similar in composition to cancellous bone, but lacks the 
significant amount of porosity that is found in cancellous bone, seen as the core in Figure 
5.2 (Currey 1988).  Cancellous bone has a large range of porosity from as low as 30% to 
over 90%, which is essential for vascularization and innervation (Gibson 1985, 
Hodgskinson and Currey 1992). 
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Figure 5.2. Schematic of bone pointing out the basic aspects of bone (Aspden 2012).  The 
core consists of highly porous cancellous bone, while the outer shell is almost dense 
cortical bone. 
 
 
 
 Loading of Bones 5.1.
Bones are typically loaded in compression or bending, depending on the 
application. While bone’s modulus is about the same for compression and tension, its 
strength varies significantly (Nyman, Leng et al. 2009).  In tension, bones possess a lower 
ultimate strength than in compression, making them more suitable for compressive 
loading (Nordin and Frankel 2001).  Nature solves this issue through a specific design of 
bones that, under typical loading conditions, results in higher compressive stresses (on 
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the compressive side) than tensile stresses (on the side of tensile loading).  This is shown 
for example in the long bones of the skeleton (Turner 2006) and site-specific properties 
where the side of the bone, which experiences higher loads possesses higher mechanical 
properties (Bonney, Colston et al. 2011).  For craniofacial bone tissue, loading is 
experienced in compression or bending, too.  Mandibular trabecular bone is almost non-
load bearing with a modulus of 100 to 900 MPa (Giesen, Ding et al. 2001, O'Mahony, 
Williams et al. 2001, Giesen, Ding et al. 2004), while skull tissue is considered medium 
load bearing, with a modulus of 0.3-5.6 GPa and a strength of 70 to 100 MPa 
(McElhaney, Fogle et al. 1970).  Mandibular cortical bone is load bearing with a modulus 
of 11-30 GPa (Schwartz-Dabney and Dechow 2002, Schwartz-Dabney and Dechow 
2002, Schwartz‐Dabney and Dechow 2003).  Long bones like the femur are also load 
bearing with a modulus of 15-21 GPa and a strength of 160-240 MPa (Bonney, Colston et 
al. 2011). 
 
 Experimental Procedure 5.2.
5.2.1. Preparation of Four Compositions 
Chitosan solutions of 1.9 vol% were prepared and used as described in §3.3.1.  
Four different compositions were freeze cast: CS with ethanol (CS-etOH), CS with 
hydroxyapatite dissolved in the solution (CS-dHAp), CS with 9 vol% hydroxyapatite 
(CS-9HAp), and CS with 94 vol% hydroxyapatite (CS-94HAp).  1.9 vol% CS solution 
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was mixed with ethanol (95%) at a 91:9 volume ratio of CS solution to ethanol to create 
the CS-etOH composition.  For CS-dHAp and CS-9HAp, the same CS-etOH combination 
was used, but then 0.005 vol% HAp was added, in the case of CS-dHAp, or 9 vol% HAp 
was added, as in the case of CS-9HAp.  To create CS-94HAp, CS was used at its 
1.9 vol% concentration without the addition of ethanol. 
The CS-based solutions and slurries were mixed in a shear mixer (SpeedMixer, 
FlackTek, Landrum, SC) at 3500 rpm for 5 min, which were then freeze cast according to 
the procedure described in Chapter 3.  CS-etOH, CS-dHAp, and CS-9HAp samples were 
frozen at the rate of 1°C/min, while CS-94HAp was frozen at the rate of 10°C/min to the 
temperature of −150°C, which was held constant until the samples had completely 
solidified.  The frozen samples were subsequently lyophilized as described in Chapter 3.  
Scaffolds from each composition were additionally crosslinked in 1 vol% genipin baths, 
according to the procedure described in §3.6.2.  Each of these scaffold types were then 
structurally evaluated and mechanically tested dry and wet to establish a library of 
structures and properties.  Two of these scaffold types were chosen to create bone-
mimicking core-shell structures.   
 
5.2.2. Preparation of Core-shell Structure 
Prepared CS-94HAp slurries, as described in §5.2.1, were frozen in molds that 
were each fitted with a high-density polyethylene (HDPE) center rod, see Figure 5.3.  
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The first slurry was pipetted in and freeze cast at 10°C/min, matching the same 
conditions as previously produced CS-94HAp scaffolds.  This outer part of the scaffold is 
referred to as the shell.  Once completely frozen, the center rod was removed.  The 
coldfinger was brought to a temperature of 0°C and the pre-cooled CS-etOH (4°C) 
solution was pipetted into the center hole, which was left by the removed rod.   
 
 
 
 
Figure 5.3. Core-shell fabrication, illustrating the five production steps. 
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Freezing of this core was at a rate of 1°C/min.  After complete solidification, the entire 
sample was unmolded and lyophilized for three days at a water trap temperature of 
−52°C and a pressure of 0.021 mbar in a Labconco freeze-drying system.  The resulting 
scaffold is shown in Figure 5.4.  It consists of a highly porous center of a pure polymer 
scaffold and a denser outer shell of a polymer-ceramic composite. 
 
 
 
 
Figure 5.4. Core-shell scaffold. 
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5.2.3. Structural Characterization 
CS-etOH, CS-dHAp, CS-9HAp, CS-94HAp, and core-shell scaffolds were 
imaged with a 480 nm resolution stereomicroscope and a scanning electron microscope 
(SEM).  Scaffolds were sputter coated with platinum-palladium (5nm) using a Denton 
vacuum desk II sputtering system for imaging with a field emission SEM, according to 
the specifics and procedure described in Chapter 3.   
5.2.4. Mechanical Characterization 
Mechanical testing was carried out in compression.  Cubes of 5 mm edge length 
were cut from the dried scaffolds with a diamond wire saw (as described in Chapter 3). 
Discs with a height of 12 mm and a diameter of 18.5 mm were likewise sectioned from 
the core-shell scaffolds.  For wet testing, samples were neutralized in a bath of 0.4% 
sodium hydroxide in 95% ethanol solution conditioned in a PBS bath, as described in 
Chapter 3.  All testing was carried out in the direction parallel to the solidification 
direction at a strain rate of 0.01 sec-1.  Dry testing of CS-etOH, CS-dHAp, and CS-9HAp 
cubes, as well as all wet test, was tested on an Instron 4442 (Instron, Norwood, MA) 
equipped with a 50 N load cell.  CS-94HAp and the core-shell scaffolds were tested with 
a 2.5 kN load cell on a universal testing machine (Instron Model 5948) to accommodate 
the higher loads.  The modulus and yield strength were determined as described in 
Chapter 3. 
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 Results 5.3.
5.3.1. Structural Analysis 
With the four different compositions, the structure of the scaffolds ranged in pore 
size and shape.  At the slower rate (1°C/min) the pore sizes were largest (159.2 µm).  The 
faster rate of 10°C/min resulted in smaller pores, with the smallest being the CS-94HAp 
(16.2 µm).  Core-shell scaffolds not only stayed together, as shown in Figure 5.5, but the 
CS-94HAp and CS-etOH showed the same structures as those found in scaffolds from 
full samples of those respective composition.  Additionally, the core-shell scaffolds  
 
 
 
 
Figure 5.5. Stereomicrographs of the core-shell structure (a) and a close-up of that 
structure (b). 
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exhibited a transition zone between the smaller pores of the shell and the larger pores of 
the core, where the pore size showed a gradual change from one to the other.  This results 
from the partial melting of the material immediately adjacent to the core, which is 
followed by solidification.  As a result of the homoepitaxial growth of the ice crystals in 
the first and second freezing process, the pores are continuous through the transition 
zone.  This excellent interface is shown in Figure 5.6.  In the cross section (Figure 5.6a), 
the walls of the large CS-etOH pores are seen to transition first to mineral-containing 
walls, and then to the finer pore structure of the less porous shell made from CS-94HAp.  
The longitudinal view (Figure 5.6b) nicely illustrates this structure also, where the 
aligned walls go from the pure polymer to mineral containing and then to thinner walls 
with a smaller spacing between these walls. 
 
 
 
 
Figure 5.6. SEMs of the transition zone between larger pores in CS-etOH core and 
smaller in CS-94HAp shell: Cross section (a) and longitudinal section (b). 
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5.3.2. Mechanical Analysis 
The Young’s modulus and yield strength increased with the increase of 
hydroxyapatite particles.  CS-etOH resulted in the lowest properties, whereas CS-94HAp 
resulted in the highest.  CS-dHAp and CS-9HAp were much weaker than CS-94HAp, but 
both were still stronger and stiffer than CS-etOH.  While CS-9HAp exhibited the higher 
stiffness of these two, the yield strengths of CS-dHAp and CS-9HAp were very similar 
despite an 8.995 vol% difference in HAp.  Wet testing resulted in lower properties than 
the dry testing, with the same trend by composition.  All these properties are summarized 
in Table 5.1 and illustrated in Figure 5.7.  Based on the studies presented in §3.6, where 
crosslinking with genipin improved the wet properties, it was also used here.  For these 
compositions the Young’s modulus and yield strength increased with respect to the wet 
testing in all cases.  
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Table 5.1 
Composition  Testing Mode  Young’s Modulus Yield Strength  
(MPa)  (MPa)  
CS-etOH 
Wet  0.07±0.03  0.004±0.002 
Wet (crosslinked) 0.17±0.07  0.009±0.003  
Dry  1.21±0.03  0.057±0.001  
CS-dHAp 
Wet 0.11±0.05  0.006±0.003 
Wet (crosslinked) 0.20±0.10 0.010±0.004  
Dry  4.09±1.70  0.137±0.032  
CS-9HAp 
Wet 0.15±0.05  0.006±0.002 
Wet (crosslinked) 0.30±0.10  0.012±0.004  
Dry  5.12±1.74  0.137±0.034  
CS-94HAp 
Wet 6.70±0.59  0.199±0.040 
Wet (crosslinked) 24.32±2.80  0.543±0.051  
Dry  178.25±2.55 3.374±0.532 
Core-shell Dry  156.84±15.67 2.029±0.583 
 
 
 
The core-shell, tested as a hybrid scaffold with components of both the highest 
and lowest stiffness and strength, resulted in properties close to those of the stronger and 
stiffer component, CS-94HAp.  With a Young’s modulus of 156.8 MPa and a yield 
strength of 2.03 MPa, this is in good agreement with the rule of mixture.  For a volume 
fraction of 87% CS-94HAp and 13% CS-etOH, the Voigt model (parallel case) estimates 
the performance of the core-shell scaffold to be a Young’s modulus of 156.3 MPa and a 
yield strength of 2.94 MPa. 
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Figure 5.7. The Young’s modulus and yield strength of the core-shell, CS-etOH,  
CS-dHAp, CS-9HAp, and CS-94HAp at different testing conditions.  
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On small scale specimens (cubes with an edge length of 5mm), it was observed 
that the samples failed by delamination and shear along the lamellae and the directional 
pores (see Figure 5.8).  It is suspected that a slight misalignment of the lamellae with 
respect to the loading direction is the reason for this shearing of complete sections of the 
freeze-cast composite scaffolds. 
 
 
 
 
Figure 5.8. Compression test on scaffold cube of 5mm edge length. Specimen failing in 
shear when experiencing increased strain (a-c). 
 
 
 
To conclude that this type of failure is not limited to the smaller size specimens 
that were usually investigated in the standardized compression tests, complete specimens 
from the core shell samples were also tested and evaluated.  It was shown that 
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independent of the specimen size, the dominating failure mode is shear and delamination 
of adjacent lamellae.  This failure leads to a complete separation of sections, possibly 
domains of the freeze-cast structures.  The failure of the core shell materials in shear and 
by delamination is shown in Figure 5.9b and Figure 5.9c, respectively. 
 
 
 
 
Figure 5.9. Compression test on 12 mm high sections of the core shell scaffolds a) 
untested specimen b) specimen failing in shear c) specimen failing by delamination. 
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 Discussion 5.4.
The inherently weak mechanical properties of CS were successfully improved 
through the inclusion of hydroxyapatite particles (HAp) and crosslinking.  Crosslinking 
of tissue scaffolds is of particular importance since it increases the stiffness and strength, 
as well as the degradation stability in a wet environment, such as that in the body.   The 
three-dimensional biopolymer and biocomposite scaffolds with controlled porosity 
produced from CS, CS-dHAp, CS-9HAp, and CS-94HAp showed that through 
composition, crosslinking, and testing conditions, the mechanical performance could be 
tuned with Young’s moduli of 0.07 to 178.25 MPa and yield strengths between 0.004 and 
3.37 MPa at porosities of 75% to 98%.  The inclusion of hydroxyapatite in CS solutions 
offers another advantage: natural mineralization in those regions of the scaffold is 
expected to be significantly enhanced, thereby further increasing the mechanical 
performance and cell attachment (Kong, Gao et al. 2006, Venugopal, Low et al. 2008). 
Core-shell scaffolds produced by selecting one combination of core material and 
shell material demonstrate the feasibility of a multi-zone scaffold with an excellent 
interface between the two components.  The properties were estimated well with the rule 
of mixture since it was estimated with the actual properties of the components in this 
case.  As only an example of this promising technique, other combinations to afford 
different zones within a scaffold with the necessary structures for given functions (load 
bearing, vascularization, innervation, bone marrow) are possible. 
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Conclusion 5.5.
Porous biocomposites from chitosan and hydroxyapatite were created by freeze 
casting, with excellent control over structure and mechanical properties.  While CS was 
used as a means to decrease the inherent brittleness of HAp, HAp provided stiffness and 
strength, as well as the osteoconductivity of calcium phosphates.  To the best of our 
knowledge, a core-shell structure consisting of different structures and materials was 
fabricated for the first time and demonstrated as an additional means to custom design 
highly porous, directional scaffolds.  Mechanical properties of the produced scaffolds 
with 75% to 98% porosity (E= 0.07-178.25 MPa, σ=0.004-3.374 MPa) reach into the 
range of cancellous bone (E≈10-2000 MPa, σ=0.1 -30 MPa) (Hodgskinson and Currey 
1992, Hodgskinson and Currey 1993, Wegst and Ashby 2004) illustrating the potential in 
such tissue replacement applications.  This work supports future possibilities of scaffolds 
with smaller or larger cores, multiple cores or zones, and cores of different sizes, shapes, 
and compositions.  It also answers the question raised by Hollister in 2005, with a simple 
method for creating a scaffold from multiple materials with an excellent interface as a 
means for enhanced tissue regeneration.  While many more experiments (e.g. long term 
stability, in vitro, and in vivo tests) are required to explore whether this material in fact 
proves to be a viable scaffold for bone tissue engineering, the core-shell scaffolds show 
great promise with the flexibility and capability of independent control over composition, 
freezing conditions, and post-treatments to achieve the desired structure, mechanical 
performance, and biocompatibility. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
 
 Thesis Objective 6.1.
The goal of this thesis was to show that through the use of freeze casting, 
hierarchically structured composites, termed hybrids, can be created with remarkably 
tunable structures and properties. This was controlled through the solution or slurry 
composition and its inherent properties, as well as the processing parameters, such as the 
freezing front velocity, local cooling rate, and temperature gradient during the directional 
solidification. Six related research aims were investigated to fulfill this goal.  
 
 Research Aim I 6.2.
The first research aim was to study the freezing conditions in the utilized freeze 
casting system.  The conditions in freeze casting of pure water at the applied freezing 
rates of 1°C/min and 10°C/min were investigated with respect to their freezing front 
velocity, local cooling rate, and local temperature gradient.  Theoretical calculations of 
the freezing front velocity of 5.1 µm/s and 25.7 µm/s compared well with their 
experimentally determined velocities of 7.1 µm/s and 23.2 µm/s for the rates of 1°C/min 
and 10°C/min, respectively.  Local cooling rates were found to decrease with increasing 
height of the mold for both rates.  However, this was only minor for the 1°C/min applied 
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rate, while much more significant for the 10°C/min applied rate (from local cooling rate 
of 7.8°C/min to 1.3°C/min).  The local temperature gradients also decreased with 
increasing mold height with both rates.  For the applied rate of 1°C/min the local 
temperature gradient decreased from 1.8°C/mm to 1.3°C/mm; for the applied rate of 
10°C/min from 3.7°C/mm to 2.0°C/mm. 
 
 Research Aim II 6.3.
Experimentally identifying the dominating ice crystal orientation present in the 
directionally solidified structure was the second aim. Using electron backscattered 
diffraction (EBSD) and a cryo-stage, frozen chitosan-ice composites were examined.  
Diffraction patterns illustrated that the growth of the a-axis parallel to the freezing 
direction was favored.  Polarized light microscopy showed that these ice crystals were 
continuous along the length of the sample and were separated into domains of the same c-
axis orientations.  
 
 Research Aim III 6.4.
The third research aim was to successfully freeze cast neat chitosan samples and 
study the effects of different applied freezing rates on the freezing conditions and the 
resulting pore size, pore morphology, and the mechanical performance of the lyophilized 
scaffolds.  The freezing parameters were investigated for the freeze casting of chitosan 
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solutions at the applied rates of 1°C/min, 6°C/min, and 10°C/min.  The measured 
parameters were very similar to those of the pure water system, with freezing front 
velocities of 6.4 µm/sec, 16.9 µm/sec, and 24.0 µm/sec; local cooling rates of 0.8°C/min 
to 0.4°C/min, 4.5°C/min to 1.2°C/min, 7.8°C/min to 1.6°C/min; local temperature 
gradients 1.8°C/mm  to 1.3°C/mm, 3.0°C/mm to 1.9°C/mm, and 3.5°C/mm to 2.0°C/mm. 
The created lamellar pore structure showed a decrease in pore size, or lamellar 
spacing, with increasing freezing front velocity.  This was shown with the decrease from 
97.1±3.8 µm to 67.6±2.5 µm to 47.3±1.7 µm to 42.0±2.0 µm, for the applied rates of 
1°C/min, 3°C/min, 6°C/min, and 10°C/min, respectively. 
The Young’s modulus increased from 0.44±0.19 MPa to 1.15±0.19 MPa, with the 
general trend of increasing freezing front velocity.  However, the applied rate of 
10°C/min resulted in a slightly lower modulus than the slower rate of 6°C/min.  The yield 
strength showed the same trend, with the same discrepancy of the 6°C/min and 10°C/min 
rates (σy6=33.3±9.8 kPa and σy10=55.6±8.6 kPa).  However, this was hypothesized to 
result from a combination of very similar pore sizes and a slightly weaker wall material 
in the 10°C/min scaffolds. 
 
 Research Aim IV 6.5.
Evaluating neat gelatin or chitosan-gelatin composite scaffolds to study the effect of 
an additional polymer on the created structure and mechanical performance was the 
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fourth research aim.  Neat gelatin showed a much more tubular pore structure in 
comparison with chitosan’s lamellar structure.  Additionally, combinations of gelatin and 
chitosan resulted in structures that were in between these two.  The neat gelatin, and 
higher concentration of gelatin (36:63 wt% chitosan–gelatin) outperformed the lower 
concentration of gelatin (63:37 wt% chitosan–gelatin) and the neat chitosan scaffolds. 
Looking specifically at one combination of 63:47 wt%, the same trend of decreasing 
pore size (74.8±3.4 µm to 25.6±1.0 µm) with increasing freezing front velocity was 
shown for the applied freezing rates of 0.1°C/min, 1°C/min, 3°C/min, 6°C/min, and 
10°C/min.  The one exception here were those at 1°C/min (with 41.4±1.6 µm), which had 
slightly smaller pores than those at 3°C/min (43.2±1.6 µm).  For the applied freezing 
rates of 1°C/min, 3°C/min, and 10°C/min, the Young’s modulus and yield strength 
increased with increasing freezing rate, as expected.  However, the rate of 0.1°C/min 
resulted in the highest properties and 6°C/min was nearly the same as 1°C/min.  This was 
thought to be caused by the freezing rate, which would result in a less porous and 
stronger and stiffer wall material at slower rates.  This appears to be true for the increased 
properties of the 0.1°C/min scaffolds and the decreased properties of the 6°C/min 
scaffolds. 
Humidity, which proved to negatively influence the mechanical performance of 
chitosan scaffolds led to the need for wet testing to evaluate scaffolds for applications in 
moist environments.  In all cases, the wet properties were lower than the dry ones.  To 
improve the stability and performance in a wet environment an additional processing step 
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of crosslinking with genipin was investigated and showed that by bathing chitosan 
scaffolds in 1 w/v% genipin in PBS baths, the Young’s modulus and yield strength were 
increased by 88% and 106%, respectively, in the wet state.  If scaffolds were crosslinked, 
dried, and tested dry any improvement through the crosslinking was obscured by drying 
effects. 
 
 Research Aim V 6.6.
Reinforcement of the cell wall material and its effect on the mechanical performance 
was the fifth research aim.  Nanocellulose (NFC) and mineral particles (sodium 
montmorillonite nanoclay (MTM) or hydroxyapatite (HAp)) were included and resulted 
in increased mechanical properties.  While NFC increased the toughness of scaffolds, the 
particles added stiffness and strength.  NFC-MTM scaffolds reached a Young’s modulus 
of 3.9±0.2 MPa, yield strength of 52.5±3.0 kPa, and toughness of 46.2±3.07 kJ/m3, in their 
strong direction, which was significantly higher than equiaxed foams of the same 
composition.  In CS-HAp scaffolds, the toughness of 68.8±8.6 kJ/m3 was increased to 
106.0±3.9 kJ/m3 with the inclusion of NFC (CS-NFC-HAp scaffolds).  CS-NFC HAp-
containing scaffolds exhibited a significantly increased mechanical performance in 
comparison with non-HAp-containing scaffolds; Young’s modulus increased from 
1.3±0.1 MPa to 4.8±0.3 MPa and the yield strength from 32.0±3.0 kPa to 102.0±7.5 kPa.   
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 Research Aim VI 6.7.
The sixth research aim was to combine the knowledge obtained from the findings of 
the previous aims in an effort to create a bone tissue scaffold.  Inspired by natural bone, a 
core-shell structure was prepared from chitosan and HAp and investigated structurally 
and mechanically.  Using different freezing rates of 1°C/min and 10°C/min larger pores 
were created for the inner core and smaller pores were create in the outer shell, which 
mimics the arrangement in natural bone.  This was done to emphasize the ability to 
custom design the structure and the properties of the core and the shell independently. 
Four different materials were processed at different conditions and evaluated in terms 
of their mechanical properties.  The material with the lowest properties (CS-etOH with 
E=1.21±0.03 MPa σ=0.057±0.001 kPa) was chosen for the core and the one with the 
highest properties for the shell (CS-94HAp with E=178.25±2.55 MPa, 
σ=3.374±0.532 kPa).  The resulting core-shell material possessed a Young’s modulus of 
156.84±15.67 MPa and a yield strength of 2.029±0.583 kPa. The interface between the 
two materials showed an exceptional transition from the smaller pores of the shell to the 
larger pores of the core, which was achieved as a result of the homoepitaxial growth of 
the ice crystals.  The properties of this bone-mimicking structure reached into the region 
of cancellous bone, as shown in Figure 6.1, further supporting the potential of such 
material for the application in bone tissue engineering. 
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Figure 6.1. Young’s modulus and yield strength of core-shell materials (black markers) 
and selected natural materials, illustrating the potential for these materials.  Redrawn after 
(Wegst and Ashby 2004). 
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 Structure, Processing, Composition, and Property Correlations 6.8.
The results of this work can be summarized and qualitatively illustrated as shown in 
Figure 6.2. 
 
 
 
 
Figure 6.2. Structure-processing-composition-performance tetrahedron. 
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 Future Work 6.9.
While the research presented in this thesis has brought new insights for the areas of 
porous materials and directional solidification, gaps have also been defined that would 
benefit from future investigation.  Experimental work that would aid in answering some 
of these are described in §6.9.1 through §6.9.5.  §6.9.6 discusses the broader overview 
and challenges pertaining to this work. 
 
6.9.1. Establishment of Phase Diagrams 
As was discussed in Chapter 2, phase diagrams and the glass transition 
temperature play a key role in the structure and mechanical performance of a 
directionally solidified material.  Work with binary systems including polymers would 
benefit from having first established their respective phase diagrams, which can be done 
with differential scanning calorimetry (DSC), carried out with specific, systematically 
varied concentrations of the polymer.  
 
6.9.2. Pore Wall Material 
The freeze casting process not only affects the structure of the pores, but also the 
cell wall material.  Understanding the wall material, for example the amount and size of 
wall porosity and the mechanical properties would be a huge addition to making strong 
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correlations between the structure, properties, composition, and performance in freeze-
cast materials.  To do this, specimens from the wall material could be sectioned and 
subjected to micromechanical tests, the wall structure could be carefully observed with 
SEM or TEM, and porosity measurements could be performed.  Porosity experiments 
would be most beneficial when combining different techniques to investigate pores of 
different sizes.  These techniques could include BET for nanoporosity, porosimetry for 
microporosity, and tomography for macroporosity.  This would allow for a simultaneous 
and separate examination of structure and mechanical performance of the wall and the 
overall scaffold. 
 
6.9.3. Microstructural Analysis 
Improved microstructural analysis would be of great benefit for the small 
featured, low density (therefore, low absorption and low contrast in X-ray tomography) 
materials presented in this work.  This could be investigated through the use of 
synchrotron nano-tomography and in situ freezing experiments, like those discussed in 
Chapter 2.  The fiber and particle arrangement would be of great interest, since another 
study of ours has shown that inclusions or particles with large aspect ratios, align and 
self-assemble during directional solidification (Hunger, Donius et al. 2012). 
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6.9.4. Other Crosslinkers 
In addition to genipin, other possible crosslinkers for chitosan exist and were 
discussed in Chapter 3.  Future studies with chitosan scaffolds would benefit from an 
investigation of these and possibly other potential crosslinkers.  Additionally, preliminary 
results show that a one-step process may be of great interest to avoid any effects that the 
post-processing steps have on the scaffold.   
 
6.9.5. Cell Studies 
Cell culture studies on the biocompatibility and bioresorbability of three-
dimensional scaffolds would greatly benefit the work presented in this thesis and the 
future applications of it.  Preliminary cell studies on thin films show that many of the 
scaffold materials are promising for biomedical applications, but further work is needed.  
Additionally, challenges exist in imaging cells seeded in 3D scaffolds.   
Choosing the appropriate method for sterilization also needs to be addressed.  
Several methods exist, such as autoclaving, an ethanol wash, ultraviolet radiation, and 
plasma treatment.  An ethanol wash (70%) was deemed to be the most suitable for the 
materials discussed in this work because it had little effect on the material in preliminary 
studies.  While plasma treatment was also possible, it did impact the properties of the 
material because it was carried out at an elevated temperature.  Similarly, autoclaving 
was carried out at an elevated temperature, here at 121°C.  This increase in temperature 
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can crosslink chitosan and therefore likely increase the mechanical properties, as was 
seen at temperatures above 60°C.  This should be avoided if a property alteration is not 
desired.  Additionally, autoclaving in a dry or wet environment can result in shrinking or 
swelling of the 3D scaffold, respectively, and is therefore not preferred.  Initial results 
show that this leads to deformation of the scaffold walls.   
 
6.9.6. Future Directions 
While understanding the scaffold fabrication and properties is essential to this work, 
the future impact of it lies not only in the specific improvements in microstructure or 
performance, but further in the scalability and acceptability of the material for the 
proposed applications.  Assuming that the material’s microstructure and properties can be 
tailored appropriately, as is supported by this work, questions regarding the size and 
overall shape in which a scaffold can be created and utilized are important.   
Scaffolds currently produced are cylinders with diameters ranging from 2 to 20 mm 
and heights of 10 to 40 mm.  However, this range may be too small for implants and 
other applications where larger defects have to be addressed.  Simply scaling up the 
described freeze casting setup could introduce pore alignment issues, since the ice grows 
along the temperature gradient, and result in a structure exhibiting moderate to severe 
“fanning.”  Fanning, which has been seen in small samples under 2 mm in diameter and 
with a height of more than 10 mm as well as in samples with a 20 mm diameter and a 
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height greater than 40 mm, is a pore misalignment that fans from vertically aligned at the 
bottom to directed towards the edges of the mold (as a combination of an axial and radial 
temperature gradient at the top end of the mold).  This would be detrimental to the 
enhanced mechanical performance that the freeze casting process offers.  In an effort to 
increase the scaffold size, several steps could be made to improve the current system.  
Possibilities include that the freeze caster could be set up in a temperature controlled 
chamber, to decrease the heat flux from the ambient temperature; the thickness of the 
molds or the insulation could be increased; a second coldfinger could be provided at the 
top of the mold to control the temperature on both ends  (this has been done by others, 
but introduces issues related to the expansion of the solidifying matter if direct contact 
with the suspension is desired (Deville, Saiz et al. 2007)); a new system could be created 
in which a mold is lowered through a cooling zone.  Of course, these given improvements 
may result in increased costs.  The cost is an important factor, which needs to remain 
sufficiently low, while the advantages of the freeze-cast structure are maintained.  This is 
in order for freeze-cast materials to be the superior choice over materials and structures 
created by other means, such as solid free form fabrication and sacrificial-object 
fabrication (Hutmacher 2001). 
For a particular application, for example the filling of a defect with a tissue scaffold, 
shaping the scaffolds to achieve a specific shape after initial fabrication is influenced 
largely by the composition.  Shaping ceramics or even high loading-ceramic composites 
is extremely difficult as the material is brittle and will fracture easily.  On the other hand, 
shaping a polymeric sample is not a question of brittleness, but rather brings forth a 
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stability issue since it is prone to being deformed.  The most promising composition for 
shaping is a composite that does not easily fracture or deform when cut.  This is a 
composite that contains a lower loading of ceramic particles and a polymer, or a 
combination of polymers such as one including polymeric fibers.  Such a composite has 
been shown to be strong and stiff enough to be handled and to withstand loads present at 
the site of implantation, as well as tough enough not to crumble when being sculpted to a 
given size and shape. 
The overwhelming challenge that needs to be addressed is the reproducibility and 
consistency of the environment in which samples are produced.  The use of biopolymers 
introduces a great deal of variability, as compared with synthetic polymers (Malafaya, 
Silva et al. 2007).  The source, age, and material production method all greatly affect the 
starting material.  Additionally, each aspect of the fabrication process, from solution or 
suspension preparation, to freeze casting parameters and environmental conditions 
(temperature and humidity) play a role in the structure and performance of the produced 
scaffold.  While in a research laboratory, samples can be tracked and eliminated from a 
study where inconsistency arises, large scale production sites may find it inhibitive for 
such quality control. 
An additional challenge for the future of this work in the biomedical field is the 
ability to adequately seed cells in the three dimensional scaffolds in a way which supports 
future cell adhesion, differentiation, and proliferation.  Methods that utilize a dry scaffold 
and seed it with cells may capitalize on the capillary forces that pull in the liquid and 
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contained cells.  However, such forces may be detrimental to the cells or the scaffold 
integrity.  On the other hand, seeding a scaffold that is already in a wet environment may 
not attract the cells to grow within.  In such a situation, cells need to be encouraged 
through the use of growth factors or chemical cues for greater success.  Furthermore, 
since the scaffolds could be large, breeding the cells in a bioreactor prior to implantation 
could be necessary.  This process is schematically shown in Figure 6.3.  While creating 
the scaffold material and structure that provides the matrix for cell seeding is an essential 
part, it cannot be successful without understanding and optimizing the other aspects.  
This whole process could be costly and therefore the advantage-to-cost ratio would need 
to be considered.  Nevertheless, the successful manufacture of a scaffold with the 
appropriate composition, structure, and properties will be a basic requirement for a 
successful tissue scaffold. 
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Figure 6.3. The process of seeding cells within scaffolds before implantation.  Cells are 
first procured from the appropriate source (a).  Then the cells are cultivated (b) and 
seeded in the scaffolds with possible growth factors (c).  This is followed by the cells 
being further cultivated in bioreactors for cell organization (d) and the final cell-seeded 
scaffold is then implanted in the defect (e).  Reprinted with permission (Dvir, Timko et 
al. 2011) 
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